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Abstract 
Molecular modelling techniques have been applied to the investigation of structures 
of stable complexes which form when organic ligands bind to lightly oxidised metal 
surfaces. Such complexes are thought to protect metal surfaces and account for 
modification effects in applications such as corrosion protection, adhesion promotion 
and lubrication. In addition to the determination of many relevant crystal structures, 
the two major projects carried out were: a) benzotriazole as a corrosion inhibitor for 
copper, and, b) 3-(p-toluyl)propionic acid as a corrosion inhibitor for iron/steel. 
Surface-sensitive physical experimental techniques do not currently provide 
structural information from such interfaces with a sufficient level of resolution. 
For any given system involving a metal substrate and a surface-active ligand, 
the fundamental approach involved simulating the chemisorption of a monolayer of 
the organic onto the oxidised metal surface. Models for this were obtained by 
considering prominent (hydr)oxide compounds and assessing their likely surface 
structures on the merits of crystal morphology observations and calculations. The 
organic active was attached to those surfaces in chemically realistic coordination 
modes as observed in relevant polynuclear crystal structures. Some of these were 
determined locally and others were obtained from the Cambridge Structural 
Database. Interfacial models were treated with force field based molecular 
mechanics and dynamics methods which were customised for this application. 
Results were assessed in terms of conventional coordination stereochemistry and the 
implications that surface packing arrangements would have on surface protection. 
While the results confirm the initial hypothesis that the stabilities and structures 
of such interfaces are dominated by metal-ligand coordinate bonds, they identify 
other important features. It was found that thermodynamic stabilities are greatly 
enhanced when secondary bonding interactions are maximised. The ability to form 
surface-ligand and intermolecular ligand-ligand hydrogen bonding patterns has been 
shown to be particularly important in accounting for the mode of action of existing 
actives, and will be an important consideration for the design of new ligands. 
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Chapter 1 
Exposition of Aims and Approach 
1.1 Fundamental Concepts 
The surface engineering of metals and alloys is of considerable technological 
relevance) Our particular interests concern modifications to the surface properties of 
copper, iron and aluminium in applications which include corrosion protection, 
adhesion promotion and lubrication. Technologies are sought which offer more 
benign alternatives  to some current or past treatments involving unfriendly or 
aggressive agents such as chromic and phosphoric acids. 3 
We strive to engineer metal surfaces by reaction with organic molecules. For a 
given substrate, it is anticipated that the desired surface modification effect could be 
achieved by chemisorption of an appropriate organic species to produce a stable and 
persistent surface complex. The principal interactions defining the interface will be 
covalent bonds between surface metal (Lewis acid) sites and basic, polar 
functionalities of the organic ligands. It is perceived that rational choice of the 
particular organic active could derive from the identification of a relationship 
between the interfacial complex structure and the surface properties attained by it. 
The body of this thesis focuses on two such ligand-substrate case studies (3, §4). 
All of these applications are intended for oxygenated, hydrated environments, 
usually aqueous solutions. Since these metals, along with most others, are 
thermodynamically unstable with respect to their oxides under such conditions, 
efforts to perform chemistry at their surfaces are underpinned by a requirement to 
understand the composition, structure and reactivity of their oxides. Central to this 
work is the need to appreciate the chemistry occurring between organic species and 
lightly oxidised hydrated metal surfaces and the structures of their resultant surface 
complexes. 
1.2 Reactions at Aqueous Solution-Metal Oxide Surfaces 
The core of this work involves a conceptual model of sorption of organic species at 
the metal oxide-aqueous solution interface. A recent, invaluable review article  
covers these aspects and cites many hundreds of relevant papers. 
When aqueous anionic or cationic species (adsorbates) partition from aqueous 
solution to a solid metal oxide surface (adsorbent), the sorption reaction may result 
in the loss of one or more waters of hydration from the adsorbate ion and the 
formation of one or more relatively strong covalent bonds between adsorbate and 
adsorbent. This process is known as chemisorplion and the monolayer of adsorbed 
species is referred to as an inner-sphere adsorption complex. In general, strongly 
coordinated surface species are relatively immobile and are much less likely to detach 
or desorb from the surface as solution conditions change. In cases where a weaker 
interaction occurs between a hydrated ion and a metal oxide surface, in which waters 
of hydration are retained, an outer-sphere adsorption complex results. These more 
weakly sorbed species are much more likely to desorb back into bulk solution. 
Our desired surface modifications require the formation of an inner-sphere 
adsorption complex from an anionic adsorbate precursor. Suitable candidates are 
organic molecules which contain a polar, ionizable (deprotonatable) functional group 
such as a hydroxyl, carboxyl or amine. Through reaction of their functional groups 
with reactive sites on metal oxide surfaces, these types of organic molecules and their 
conjugate bases can sorb relatively strongly. The strength of sorption depends on the 
shape of the molecule and the disposition of the functional group(s) relative to other 
parts of the molecule. It also depends on the polarity and ease of ionisation of the 
functionality and its affinity for the sorbing site. Thus the members of a closely 
related family of organic compounds are likely to behave quite differently in terms of 
their adsorption behaviour at metal oxide-aqueous solution interfaces. 
This would suggest a basis for rationalising which organic molecules are good 
adsorbates for a particular adsorbent and which are poor, as a function of both ligand 
and oxide structures and reactivities. This implies an underlying dependency on 
fundamental coordination chemistry. Using this knowledge, our goal is to achieve 
stable surface coordination complexes (hereafter referred to as surface complexes). 
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I .3 Characterisation of Surface Complexes 
Chemical interactions at metal oxide-aqueous solution interfaces are extremely 
complex and it is fair to say that understanding such interactions on a fundamental 
atomic level has not yet been achieved. Over the past decade a growing number of 
research groups have begun to study the properties of well characterised metal oxide 
surfaces, both experimentally and theoretically. There has been a similar rise in 
interest in chemical reactions occurring at the interfaces between metal oxides and 
aqueous solutions. This has been due to their importance being realised in a variety 
of fields, including atmospheric chemistry, heterogeneous catalysis 5 and 
photocatalysis, chemical sensing, corrosion science, 6 environmental chemistry  and 
geochemistry, metallurgy and ore processing, metal oxide crystal growth, soil 
science, semiconductor manufacturing and tribology. A comprehensive compilation 
of work in the surface science of metal oxides may be found in the authoritative book 
by Henrich and Cox. 8 This is a useful source for the physical and electronic 
properties of metal oxide surfaces, and a catalogue of many of their surface reactions. 
Although not a characterisation, one of the most common means of assessment 
of the adsorption characteristics of an adsorbate is by measurement of its adsorption 
isotherm. 9 This shows the macroscopic relationship between the bulk activity 
(concentration) of adsorbate in solution and the amount adsorbed on an adsorbent, in 
this case a metal oxide powder. The isotherm provides an assessment of the relative 
thermodynamic strengths of adsorption of different adsorbates. 
There are a good number of reports in the literature which conclusively 
characterise the structures of hydrated metal cations adsorbed from aqueous solution 
on various metal oxide surfaces. There are far fewer reports characterising structures 
of anionic adsorbate inner-sphere complexes. For those that are available, infrared 
spectroscopic techniques have been the most widely used.' ° IR measurements have 
provided" evidence for the formation of a bridging (FeO)2POOH surface complex 
on goethite [a-FeO(OH)] (where Fe indicates a surface site). This bidentate mode of 
attachment is consistent 12  with the slow rate of exchange of 32P on phosphated 
goethite, the strong adsorption 13  of phosphate on goethite, and the observation 14  that 
phosphate could not be desorbed from goethite by washing at low pH. A more recent 
3 
study 15  of orthophosphate adsorption on a-FeO(OH) using DRIFT methods found 
evidence for monodentate, inner-sphere PO 4 surface complexes rather than bidentate 
complexes, as suggested by the earlier studies. In that same paper the authors 
reported strong IR evidence for the formation of a three-dimensional phosphate 
precipitate on hematite (a—Fe203). Unfortunately, their ability to draw any 
significant conclusions from this contrasting behaviour was limited by the markedly 
different sample preparation procedures. 
These are some of the more useful structural results of organic adsorbates on 
metal oxide surfaces that are available. Even if one takes into account the complete 
knowledge base of structures of adsorbates on metal oxide surfaces (there have been 
considerably more ex situ UHV studies), the field still lags at least a decade behind 
the characterisation of adsorbate structures on metal surfaces. Reasons for this 
include the greater complexity of bulk and surface oxide structures over those of 
metals, correspondingly complex electronic and redox properties, the greater 
difficulties involved in achieving ideal terminations of the bulk and their tendency to 
exhibit electrical insulation. This excludes them from study with scanning tunnelling 
microscopy (STM), a technique which has been particularly valuable for metals. 
Although still in its early days, the technique which might arguably enlighten 
us most about the nature of inner-sphere adsorption complexes on metal oxides over 
the coming years is atomic force microscopy (AFM). Its ability to overcome the 
surface charging problems associated with STM has opened up the imaging of metal 
oxides. The field would benefit greatly from in situ information of adsorbates on 
oxides akin to the STM images of adsorbates on metals (examples for Cu are 
discussed in §3.2.2). These are the only surface structural techniques that are truly 
local in that they image individual atoms and do not rely upon long range order to 
produce a signal. 
A multitude of other experimental techniques 16  can provide some level of 
sensitivity for the analysis or structural clarification of surfaces or interfaces of one 
type or another under specified preparation and experimental conditions. The 
individual extents to which they contribute to this field vary somewhat. 
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1.4 Approaching the Simulation of Surface Complexes 
The reason for the development of new actives in metal surface modification being 
so elusive is directly attributable to the inadequacy of contemporary experimental 
probes to characterise these types of interfacial structures (§1.3). This same reason 
has prompted these current attempts to develop a simulation strategy capable of 
reproducing experimental parameters and predicting unknown structures. 
There are many computational methods available which can be used to 
simulate chemical structures. Although many variants and subtleties exist, these can 
broadly be referred to under the four umbrella headings Hartree-Fock (HF), density 
functional (DF), semi-empirical (SE) and force field (FF). Jensen provides 17  an up-
to-date text with a comprehensive account of the fundamental principles of each. 
FF methods are by far the most computationally manageable of the four and, 
given the relative limitations of a desktop workstation, were the sensible choice for 
this project. Specifically, molecular mechanics (MM) are the principal technique 
involved. DF methods have been applied to surfaces such as aluminium oxide' 8 
films in vacuo and Ti02 (1 1 0) as an adsorbent' 9 for MeOH. Such calculations 
require days or weeks on a parallel machine and are simply out of the question for 
this study. If SE methods had been available, one approach might have been the use 
of the PM3(tm) 20 parameters. They are now integrated into the commercially 
available SPARTAN software, 21  one of the better equipped modelling packages. 
The strategy is based on that defined 22  by Docherty et al. in 1993. The 
approach has been refined and augmented during the course of this research, and it 
can be broken down into five principal stages for a mode-of-action study: 
Establishing model(s) for the surface structure of the metal oxide adsorbent, M. 
Establishing the most likely binding mode(s) and geometry for the adsorbate, L. 
Establishing all possible binding sites on M to bind L, given the coordination 
requirements and geometry of L established in (2). This results in a range of 
preliminary models for the inner-sphere adsorption complex, C. 
Treatment of each of the preliminary models for C with molecular mechanics. 
Structural assessment and comparison of models from (4). The desired 
conclusion is the implication of a structure-property relationship. 
5 
This strategy is most clearly described by example. Thorough details of each step of 
the simulations have been provided in presenting case studies for the adsorbents 
copper (3) and iron (4). Before doing so, the principal aspects involved in any 
M-L system will be described. 
1.4.1 Models for the Adsorbent Surface 
The most predominant (hydr)oxides known to exist on the surface of the metal in 
hydrated, oxygenated conditions are established from literature. Their crystal 
structures are retrieved from the Inorganic Crystal Structure Database (ICSD). 23 For 
each compound, various possible low Miller index lattice planes are considered as 
possible cleavage planes of the lattice. These planes are indicated by morphology 
observations 24  and by Bravais-Friedel Donnay-Harker 25 (BFDH) morphology theory. 
Allowing for space group symmetry, this suggests that the most important growth 
forms will be those with greatest interplanar spacings d/2k1. An account of the 
computational means for predicting morphologies was given by Docherty et al. 26 By 
definition, surface active species may influence the structure of a crystalline 
surface, 27  and so the results of the prediction are only a preliminary indication of the 
likely atomic structure of the underlying adsorbent in the later models for surface 
complexes. 
The crystal lattices are cleaved at each of these planes to form models for 
surfaces. There may be more than one possible surface resulting from any plane 
(h k 0. In the field, these tend to be differentiated by their terminal atoms (e.g. 
oxygen-rich or metal-rich). Here they are defined more uniquely by the proportion of 
the unit cell away from the origin [e.g. (1 0 0)0.3  for cleavage at x = 0.3]. 
These models function as precursors to the surface complex, as opposed to 
relating to stable species in their own right. Reconstruction caused by coordinative 
unsaturation in vacuo is not relevant here. Barteau provides 28  a good review of metal 
oxide surface phenomena occurring under those conditions. 
rei 
1.4.2 Binding Modes and Geometry of the Adsorbate 
Although the structural study of metal complexes at aqueous surfaces remains largely 
uncharted territory, their underlying physical basis should be similar to that 
governing the formation of the multitude of small molecule complexes which have 
been analysed by X-ray diffraction structure analysis 29  of single crystals. To 
demonstrate this, one could argue with some certainty that the hydroxyl groups 
bound to the surface of a zinc sheet in ambient conditions are likely to exhibit Zn—O 
bond lengths similar to the range one could establish from zinc-hydroxy structures in 
the Cambridge Structural Database (CSD). 3° Exactly the same elementary 
assumption underlies techniques such as surface EXAFS. 3 ' 
The likely binding mode(s) (connectivity) and geometry of interaction between 
the adsorbent and the aqueous metal oxide substrate can be inferred from 
observations from crystal structures of relevant model complexes i.e. those 
demonstrating coordinate interactions between metal atoms and ligand functionalities 
of interest. A survey of the binding modes observed in a range of polynuclear model 
complexes is presented for the pyridonate ligand in §2. If the crystal structures of 
relevant model complexes are not available locally, one can take advantage of the 
200000 or so carbon-containing structures available within the CSD. Data-mining is 
simplified with the programs QUEST and VISTA. 32 
1.4.3 Initial Models for the Surface Complex 
Models for the surface complex are formed by docking ligands onto appropriate 
binding sites identified on the metal oxide surfaces from §1.4.1. A typical 
characteristic of a surface-active ligand is a multiple donor set which is predisposed 
to coordinate to several surface metal sites rather than chelating a single site. The 
binding modes and geometries established in §1.4.2 are therefore likely to involve 
two or more metal atoms and therefore one or more metal-metal internuclear 
distances. Initial models for the surface complex are based on closest comparisons of 
exposed metal-metal distances on the surface models from §1.4.1 with those obtained 
from the analysis of model complexes. This is referred to as pattern matching. 
':4 
1.4.4 Application of Molecular Mechanics to Surface Complex Models 
Each model is treated with molecular mechanics techniques 33 using a force field. 
Since this requires explicit definition of bonds, the resultant structure is dependent on 
the initial connectivity. The algorithm calculates the energy of the starting model by 
summing all valence and non-valence terms as defined by the particular FF (the 
energy expression). Any deviations of those parameters from the FF ideal values 
constitute a positive contribution to the total energy. Appropriate changes are then 
made to atomic positions which reduce the total energy (energy minimisation). The 
process is repeated iteratively until convergence is achieved. 
The success with which a FF is able to reproduce observed geometrical 
parameters is dependent on the suitability of its parameter set for the system being 
modelled. This is less straightforward for metal-containing species 34  than for organic 
compounds. 35 The universal force field (UFF), 36 which was designed to enable the 
treatment of structures with any element in the periodic table, was chosen for this 
study. For the work described in §3 and §4, the UFF was augmented with new 
parameters. The new FF is referred to as CUFF, the customised universal force field. 
All MM calculations 37  were performed on Silicon Graphics workstations equipped 
with the CERJUS2 molecular modelling suite 38  of programs. 
1.4.5 Structural Assessment and Structure-Property Relationships 
Alternative models were compared on a structural rather than energetic basis. The 
latter means of ranking was precluded by their different compositions and 
connectivities. Assessment by comparison of structural parameters (bond lengths, 
angles, torsions and intermolecular distances) was deemed more satisfactory since 
they could be related with analogous parameters derived from crystal structural 
observations. Simulated parameters which disagreed significantly 39  with observed 
ranges were assessed as being unrealistic. The discussion of structure-property 
relationships is better left to the case studies themselves. 
The heart of this thesis is based around its proposition that the available wealth 
of well-defined crystal structural observations can be effectively exploited in 
rationalising the unknown. 
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Chapter 2 
Structural Determination and Analyses of 
Polymetallic Pyridonate Complexes 
2.1 Background 
A major theme throughout this thesis is the structural characterisation of polynuclear 
coordination compounds involving 3d metals in low to intermediate oxidation states 
(I-Ill). Ligands which possess some degree of rigidity are often well suited to 
encouraging polynucleation of metal atoms. Binding to several metal sites can be 
one way of satisfying a ligand if it is not easily able to chelate a metal site. 
The pyridonate anion (derived from 2-hydroxy pyridine, Fig. 2-1) and its 
6-substituted derivatives exhibit interesting chemistry' due to their mixed donor set. 
This becomes most apparent in heteronuclear situations. 
The main purpose of this chapter is to introduce some structural characteristics 
of polynuclear coordination complexes. This is approached from the perspective of 
ligand coordination geometry, and an analysis of the range of binding modes 
observed within a sample of crystal structures. Summary data and the results of 23 
crystal structure determinations are provided (Tables 2-1, 2-2). These have been 
reported  elsewhere and it is not necessary to repeat extended discussions here. Full 
crystal structure accounts are provided for only four of these compounds (2X1-2X4). 
X 	N 	OH 
Figure 2-1 	2-hydroxypyrine substituted at the 6 position. The anion derived from the 
derivative with X=Me is called methylpyridonate, mhp, while that with X=Cl 
is called chloropyridonate, chp. 
2.2 General Nomenclature of Ligand Coordination Modes 
Many common binding modes between ligands, L, and metals, M, can be 
conveniently described using familiar terminologies. Some typical species are 
described in Fig. 2-2. 
0H2 	 0_' 	'0 
M 	M 	M 	 M 	 M 	M 	M 
1 	2 	3 	4 	5 
Figure 2-2 	Some common examples of coordination modes of ligands to one or 
more metal atoms, M. Their familiar nomenclature is as follows: 
(1) terminal water (2) p-hydroxide (3) 13-hydroxide (4) l.i-acetate (5) 2-acetate 
Even simple ligands are found to bind metals in a variety of ways (two 
examples are shown for each of the hydroxide and acetate species). If many 
alternatives exist, the familiar terminology can become cumbersome or confusing. 
As the donor functionality of a ligand becomes more extensive, with more or 
different donors or lower symmetry, the range of binding modes tends to increase. 
For many of the ligands discussed in this thesis, the number of different 
connectivities observed with metal atoms reaches double figures. To enable their 
concise description, the following system has been adopted. For a coordinating 
ligand with donor atoms D,, D2, D, the binding mode is referred to as IX.YiY2 Y1. 
Where X is the overall number of metals bound by the whole ligand L, each value of 
Y refers the number of metal atoms attached to the different donor atoms D. For a 
ligand with three donor atoms, 3 the binding mode would contain three values of V. If 
any of the three donor atoms was not coordinated to a metal atom, its value would be 
explicitly stated as zero. The order in which their values are listed would be taken as 
the most logical possible, such as consecutive atoms around a ring. For ligands 
whose donor set is heteronuclear, the donor atoms are listed in order of highest 
12 
atomic number. The previously shown binding modes would be described as 
follows. Some further examples are given in Fig 2-3. 
Fig. 2-2(1) terminal water [1.1] 
Fig. 2-2(2) i-hydroxyl [2.2] 
Fig. 2-2(3) 13-hydroxyl [3.3] 
Fig. 2-2(4) 1 2-acetate  
Fig. 2-2(5) pb-acetate  
rThrThr',/n\ 
ON 	
N3 N1 	 M-N NM 
MM/NM M 	 / 
1 	2 	3 	4 	5 
[3.22] [1.10] . [2.21) [1.010] [3.111] 
Figure 2-3 	Examples of binding modes exhibited by acetate (1), pyridonate (2,3) and 
benzotriazolate (4,5) ligands, with their respective descriptions underneath. 
In many of the structures contained in this thesis, organic ligands are found not 
only to coordinate to metal atoms, but to participate in hydrogen bonding 
interactions. 0 or N atoms which are protonated can potentially act as hydrogen 
bond donors or acceptors. Those which are not bound to a proton can still act as 
hydrogen bond acceptors. 
It is often relevant to explicitly define the hydrogen bond connectivity of a 




[l.iaaQd) 	 [2.2a1] 
Figure 2-4 	Two examples of pyridonate ligands with hydrogen bond as well as 
coordinate bond connectivities, with their appropriate nomenclature beneath. 
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above can be augmented to include this information. Any N or 0 atom which is 
simultaneously acting as a hydrogen bond acceptor or donor has its value of Y 
augmented with a subscript of a or d, resp. If there is more than one such contact, 
more than one subscript is added. A pair of examples are provided in Fig. 2-4. 
2.3 Experimental Details 
Crystals from which structure 2X12 was obtained were prepared by Dr. D. Robertson. 
Those resulting in structures 2X17 and 2X18 were prepared by Mr. A. Graham. All 
others in this chapter were prepared by Dr. E. K. Brechin. 
Intensity data were collected on a Stoë-Stadi four-circle diffractometer using 
either Cu-Ku or Mo-Ku radiation. Structure solution was achieved either with direct 
methods using S1R92 4 or SHELXS-86, 5 or with Patterson methods using 
SHELXS-86 or DIRDIF-96. 6 Structure refinement was carried out using 
SHELXL-93 or SHELXL-97. SHELXTL-PC 7 graphics programs were used. In 
some cases the BYPASS 8 procedure was used to treat disordered solvent. When 
required, DIFABS 9 was applied from within the PLATON program. 
Crystal data, data collection and refinement summary information for crystal 
structures 2X1 -2X23 are contained in Table 2-2. 
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Table 2-1 	Chemical compositions of the crystal structures 2X1-2X23. 
Molecular and empirical formulae ref.  
2X1 	[Co12(113-OH)4(9-Cl)2(chp)18(Hchp)2(MeQH)2].6CH2C12.4H20 10 
C 102 H 74 C l 22 Co 12 N 20026 • C6 H 20C 11204 
2X2 	[Co12(chp)12(02CMe) 1 2(ji-H 20) 6 (THF) 6].9THF.2.221-1 20 
L C 108 H 1 32Cl 1 2 Co 1 2 N 12048 'C 36 H 76  440 1 1.22 
I 2X3 [CO24(M3-OH)14(2-OH)4(M3-Cl)2CI4(mhp)22(113-QMe)2].EtOAc 11 
C 1 34 H 156C 16 Co24 N 22042 •C 4 H 802 
2X4 [C06Cu2(113-OH)4(mhp)2(02CPh)10(Hmhp)4(H20)2].2Hmhp.56EtQAC 12 
C 106 H 98Co 6 Cu 2 N 6032 •C 34 4 H 588 N 2 0 132 
2X5 [Ni6Cu2(j.t3-OH)4(mhp)2(02CPh) 1 0(Hmhp) 4 (H 20) 2 ].2Hmhp.48EtOAc 12 
C 106 H 98 Cu 2 N 6 Ni 6032 •C 31 2H524N201 1.6 - 
2X6 [Ni3(chp) 4 (OAcPh) 2 (MeOH) 6].2MeQH 
C42H50C1 4 N 4 Ni 3 0 14 •C 2 H 602 - 
2X7 [Ni7(.t 3 -OH) 2 (chp) 12 (MeOH) 6 1 13 
C 66 H 62 C1 12 N 12 Ni 7020 
2X8 [Ni 9 ( 3-0H) 2 (chp) 16 (MeCN) 2 ] 13 
C 84 H 56 C1 15 N 15 Ni 90 18 
2X9 [Ni 1o ( 3-0H) 4 (mhp) 10 (0 2 CCMe3 ) 6 ].0.58Me0H 14 
C92H 126 	 1 0 Ni 10028 •C 055 H 232 0058 
2X10 [Ni12(p3-QH)6(mhp)12(O2CCH 2 CI) 6 ].O.43EtOAc 
C84 H 90C1 6 N 12 Ni 12 030 *C  1 .72H 3 . 4400 . 86 - 
2X11 [Cu2(chp)4(bipy)2]•[Cu 2 Cl 2 (chp) 2 (bipy) 2 ] 
C70 H 50C IBC u 4 N 1406 - 
2X12 [{Cu(chp)(0 2 PPh 2 )}] 
C 17 H 13 CICuNO 3 P 
2X13 [{CO2 Na 2 (chp) 6(i-H 2 0)}] 15 
11 C30H20C1 6Co2 N 6 Na 2 O 7 
2X14 [Ni 2 Na 2 (chp) 6 (1.t-H 2 0)(MeCN)4 ] 15 
C 3 8H 32 C1 6 N 10 Na 2 Ni 207 
2X15 [Ni2Na2(chp)6(p-H20)(MeCN) 4].[Ni 2 Na 2 (chp) 6 (p-H 20)2 (MeCN) 4] 15 
C 38 H 32 C1 6 N 10Na2Ni207C 38H 34 C1 6 N 10 Na 2 N1 208 - 
15 
2X16 [Ni 4 Na4 (mhp) 12 (Hmhp) 2 ] 15 
C 84 H 86 N 14 Na4 Ni4O 14 
2X17 [Ni6Na2(t4-OH)6Cl2(O2CCMe3) 6(Hmhp) 6 J•4THF 14 
C 65 H 102 C1 2 N 6 Na 2 NI 6O24 C 16 H 3204 
2X18 [Ni 6 Na2(t4 -OH) 6 Cl 2 (0 2 CCMe3 ) 6 (Hmhp) 6].2.26EtOAc 14 
C66 H 102 Cl 2 N 6 Na 2 Ni6O 24 •C 1072 H 21440536 
2X19 [N115Na5(OH)2(OMe) 1 0(chp)4(phth) 10(Hphth) 2(MeOH)20 ].7. 1 2MeOH•5.92H 20 16 
C 1 6H 1 74 CI 4 N 4 Na5 N1 1  6084 •C7 1 2H 40320 1304 - 
2X20 [NEt4 ] 2 [CoNd 2 (chp) 5 (NO3 ) 5 ] 
C 41 H 55 CI 5CoN 12 Nd 2 O20 
2X21 [NEt4 ] 2 [Co 2 Dy2 (93-OH)(chp) 6 (NO 3 ) 5 ].3.46CH 2 C1 2 17 
C 46 H 59 CI 6 Co 2 Dy2 N I3022 C 3 . 46 H 6 , 92 C1 692 - 
2X22 [NEt4 ] 2 [Co 2Yb 2 ().t 3 -OH)(chp) 6(NO3 ) 5 ] 
C 46 H59 CI 6 Co2 N 13O 22Yb2 
2X23 [Ni 2 Er2 (chp) 6 (NO 3 ) 4 (MeCN) 2 ].1 .34Et2 O•O.66MeCN 17 
C34H24CI6Er2N 1 2 N1 2 0 1 8•C6.68  H  15 38N0.66 0 1.34 
16 
















Refl.s for cell, '° 














<E2 - 1 
No. of restraints 




Max. residuals/e A 3 
Max. final A/o 














0.43, 0.27, 0.16 
0.71073 
150.0(2) 




































0.27, 0.19, 0.13 
0.71073 
220.0(2) 





































0.51, 0.47, 0.39 
0.71073 
220.0(2) 

























Table 2-2 (cont.) 	Exptl. data for the X-ray diffraction studies of compounds 2X1 -2X23. 
2X4 2X5 2X6 
Nuclearity {C06Cu 2} {Ni6Cu 2} {Ni3} 
M, Z 3160.20, 1 3087.79, 1 1216.87, 2 
Crystal system Triclinic Triclinic Monoclinic 
Space group P-i P-i P 1 2 1 /c 1 
a/A 14.633(6) 14.569(9) 14.1797(9) 
b/A 17.143(7) 17.036(10) 14.8484(12) 
c/A 18.038(8) 17.394(10) 14.7041(10) 
aJ° 94.95(2) 94.93(3) 90 
/3/0 111.54(2) 111.27(3) 117.386(4) 
90 114.59(2) 114.53(3) 90 
u/A3 3671(3) 3515(4) 2748.9(3) 
Crystal description Brown block Green lath Green tablet 
Crystal size/mm 0.56, 0.47, 0.27 0.47, 0.12, 0.08 0.19, 0.19, 0.08 
0.71073 1.54184 1.54184 
TIK 150.0(2) 150.0(2) 220.0(2) 
Refl.s for cell, 6VO 70, 15 to 20 46, 20 to 22 24, 20 to 22 
Dr/Mg m 3 1.429 1.459 1.470 
,uImm 1 1.029 1.894 3.550 
F(000) 1637 1604 1260 
Scan type &0 w-0 
0-range for data/ 0 2.51 to 25.02 2.84 to 60.00 3.51 to 60.01 
Absorption correction y/ -scans ç'-scans w-scans 
Tm i n Tmax 0.278, 0.545 0.627, 0.800 0.263, 1.000 
Solution program SHELXS-86 SHELXS-86 SHELXS-86 
Collected reflections 13698 10424 4020 
Unique reflections 12913 10199 4020 
Used reflections 12890 10178 3991 
Observed reflections 9138 6087 3213 
Rint 0.0567 0.1378 0 
12.48 8.30 14.32 
- 1 > 0.943 0.934 0.968 
No. of restraints 94 336 0 
No. of parameters 888 802 322 
R1 0.0638 0.0814 0.0566 
wR2 0.1747 0.2472 0.1588 
S 1.031 1.018 1.061 
Max. residuals/e A 3 -0.775, 1.081 -0.964, 1.055 -0.847, 0.536 
Max. final A/o- 0.016 0.007 -0.001 
Weighting m, n 0.0949, 6.0231 0.1245, 10.106 0.0686, 6.8676 
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Table 2-2 (cont.) 	Exptl. data for the X-ray diffraction studies of compounds 2X1-2X23. 
2X1 0 
{N 1 2} 
2702.78, 4 
Monoclinic 
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Table 2-2 (cont.) 	Exptl. data for the X-ray diffraction studies of compounds 2X1-2X23. 
2X13 2X14 2X15 
Nuclearity {CO2 Na2} {Na 2 Ni 2} {Na2 Ni2}2 
M, Z 953.06,4 1116.84,2 2251.69,2 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group C 	2/c1 /121 P12/cl 
a/A 21.582(5) 15.667(2) 16.4177(15) 
b/A 11.898(3) 9.1628(5) 9.1699(5) 
c/A 13.873(3) 16.4418(11) 31.597(2) 
a!° 90 90 90 
fl10 91.45(2) 90.525(10) 91.096(11) 
YO 90 90 90 
u/A3 3561.2(14) 2360.1(3) 4756.0(6) 
Crystal description Purple rod Green block Green block 
Crystal size/mm 0.66, 0.27, 0.21 0.27, 0.23, 0.23 0.27, 0.16, 0.10 
JA 0.71073 1.54184 1.54184 
T/K 220.0(2) 220.0(2) 220.0(2) 
Refl.s for cell, 6V O  48, 12 to 16 68, 20 to 22 58, 20 to 22 
Do/Mg m 3 1.778 1.572 1.572 
Imm 1 1.463 4.791 4.768 
F(000) 1904 1132 2284 
Scan type w-0 (0 
0-range for data/ 0 2.94 to 25.01 3.88 to 60.10 2.69 to 60.09 
Absorption correction none t'-scans w-scans 
Tmin Tmax - 0.359, 0.541 0.338, 0.516 
Solution program SI R92 SH ELXS-86 SH ELXS-86 
Collected reflections 4571 3932 8871 
Unique reflections 3134 2929 6939 
Used reflections 3126 2928 6889 
Observed reflections 2259 2751 4801 
Rint 0.0227 0.0324 0.1109 
16.69 24.74 7.20 
- 1 > 0.962 0.707 0.969 
No. of restraints 0 1 0 
No. of parameters 240 294 591 
R 1 0.0438 0.0338 0.0532 
wR2 0.1084 0.0882 0.1268 
S 1.013 1.038 1.052 
Max. residuals/e A 3 -0.595, 0.620 -0.483, 0.238 -0.360, 0.283 
Max. final Ala 0.001 0.198 0.001 
Weighting m, n 0.0612, 0 0.0633, 0 0.0322, 8.0415 
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Table 2-2 (cont.) 	Exptl. data for the X-ray diffraction studies of compounds 2X1-2X23. 
2X22 2X23  
Nuclearity {CO2Yb2} {Ni2 Er2} 
M,Z 1822.70,2 1679.71,2 
Crystal system Triclinic Monoclinic 
Space group p-i p 1 2 1 /c 1 
a/A 	 - - 13.908(5) 	- 11.482(2) 
b/A 14.956(6) 18.537(3) 
c/A 17.909(8) 14.005(3) 
aJ° 77.27(2) 90 
1610 83.02(2) 97.41(2) 
YO 63.85(2) 90 
u/A3 3261 (2) 2956.0(9) 
Crystal description Pink block Green block 
Crystal size/mm 0.31, 0.23, 0.16 0.39, 0.31, 0.27 
xiA 0.71073 0.71073 
TIK 220.0(2) 150.0(2) 
Refl.s for cell, £A'° 42, 21 to 23 56, 15 to 16.5 
D,/Mg m 3 1.857 1.887 
Ji/mm 1 3.670 3.787 
F(000) 1796 1642 
Scan type 0-0 
0-range for data/ 0 2.55 to 22.55 2.64 to 25.03 - 
Absorption correction yi-scans V/ -scans 
Tmin Tmax 0.6948, 0.9976 0.484, 0.642 
Solution program SI R92 SH ELXS-86 (Patterson) 
Collected reflections 12508 5906 
Unique reflections 8533 5207 
Used reflections 8470 5202 
Observed reflections 5722 3862 
Rint 0.1162 0.0282 
6.52 15.07 
- 1 > 0.930 0.916 
No. of restraints 50 19 
No. of parameters 796 375 
R 1 0.0676 0.0457 
wR 2 0.1920 0.1126 
S 1.080 1.011 
Max. residuals/eA 3 -1.146, 1.570 -0.917, 1.402 
Max. final Ala 0.010 -0.003 
Weighting m, n 0.0878, 10.801 0.0581, 7.1986 
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2.4 Crystal Structure of a Dodecanuclear Cobalt bis-Cubane 
2X1 	[Co 12(93-OH)4(t-CI) 2 (chp) 15(Hchp)2(MeOH)2]'6CH 2Cl2•4H 20 
2.4.1 Results and Structural Account 
The centrosymmetric dodecanuclear complex (Fig. 2-5) is based upon a pair of 
imperfect [C0 403Cl} cubanes (Co2*5*).  Each of the cubanes contribute a Co5* 
atom to a central eight-membered [C0404] ring which, also involving Co6*,  provides 
a link between them. Within that puckered chair, alternate Co--O bonds each belong 
to a four-membered chelate ring formed by one of four [2.2 a 1] chp ligands (chp9*, 
10*). The hydrogen donors to those four 0 atoms are a pair of bifurcating [ 3 . 3 dd} 
hydroxides (02H*)  which are placed near the centre of the structure, one at a vertex 
of each cubane. 
The other non-metal vertices of the cubanes are a further [3.3dd]  hydroxide 
(O1H*), the 0 atom of a [3.31] pyridonate (chp7*)  and a bridging chloride (Cl*). 
The presence of the chloride introduces much more distortion than is observed in 
cubanes which have a [C0404] stoichiometry. Unlike the three 0 vertices it is closer 
to t than P3,  making it a poor candidate for a cubane vertex. Whereas its bonds with 
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Co3 and Co5 are 2.374(5) A and 2.400(5) A, the distance to Co4 is 3.230(6) A. 
Many of the 24 angles within the cubane deviate substantially from right-angles. For 
each element, values range from OIH—Co4--C1 71.9(3)° to 02H—Co5---Cl 
95.3(3)°; Co2-07R-----Co3 89.8° to Co3—OIH--Co4 118.8°, and Co4—Cl--Co5 
73.3(2)° to Co3—Cl---Co4 94.4(2)°. 
The remaining pair of Co atoms (Col*) are located at the periphery of the 
molecule. They can be regarded almost as separate mononuclear entities which cap 
the central bridged bis-cubane fragment. Their positions are held to the cubane faces 
(Co2*, 3*) by coordinate bridging through [2.2 a 1] chp6*  and [2.21] chp3*. 
Additional stabilisation is provided with hydrogen bonds between [1.1 "°d]  Hchp 1*, 
chp6* and the bifurcating [3.3dd]  hydroxide OIH*.  Octahedral coordination at C o l* 
is completed by terminal [1.l a0a] chp2*  and [i.ld]  methanol (O1M*)  ligands. These 
groups are hydrogen bonded to one another in a 01 M—I-I ... N2R motif 
Each of the six independent Co atoms are distorted octahedra. Their primary 
coordination spheres are composed of between three and six 0 atoms, the remainder 
being N or Cl atoms. With its {06} environment, the distortions at Co2*  are less 
severe than for the five unique Co atoms with mixed donor sets. Bond lengths, trans 
angles and extreme values of cis angles for each of the Co atoms are given in Tables 
2-3 and 2-4. 
2.4.2 Refinement Procedures 
The direct methods solution from S1R92 located twelve Co atoms. After this, 
positions of remaining non-hydrogen atoms were determined by performing iterative 
cycles of least squares and difference syntheses. Whereas all Co and Cl atoms could 
be refined anisotropically without difficulty, the use of six parameters to describe the 
thermal behaviour of C, N and 0 atoms was found to be hindered by the quality of 
the available data (<I/a> 3.25). Free refinement resulted in several atoms 
developing poor geometries and excessively elongated thermal parameters. To 
augment the data, similarity restraints were applied to all chemically equivalent 1,2-
and 1,3-distances among the ten independent chp groups. Thermal parameters were 
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treated by enforcing specified pairs of atoms within any single chp group to have an 
identical set of U, components. These were chosen at opposite sides of the ring 
(N-C4, C2-05, O-05 and C3-C6), since the principle components of their thermal 
ellipsoids should be approximately parallel. By applying these constraints the 
data:parameter ratio was enhanced by reduction of the latter. This allowed the 
anisotropic refinement of all chp C, N and 0 atoms except for NIR and C41. 
Treatment of 02H was also limited to an isotropic description. It was concluded that 
the reflection data were of insufficient quality to be conducive to anisotropic 
modelling of these atoms. 
Difference electron density peaks approximately I A away from OIH, 02H, 
NIR and OIM were rationalised as H atoms. A hydrogen bonding pattern 
established both of the cubane vertices 01 and 02 as bifurcating [3.3dd]  hydroxides. 
The non-coordinating NI R atom of pyridone- 1 formed a strong contact with the 0 
atom of chp2 (N1R...  02R 2.69A) and was suggestive of a protonated [i.iaOd] 
ligand. The terminal MeOH group was observed to be in close proximity to N2R 
(0lM . .N2R 2.64 A). This is the only other N atom in the structure not bound to a 
cobalt atom. The difference map suggested that the 0 atom was protonated and the 
latter deprotonated. This protonation scheme inferred charge neutrality for a 
dodecanuclear Co ll  assembly. Having established their existence, the positions of 
these protons were idealised and refined on a riding model with isotropic thermal 
parameters. 
All C-bound chp H atoms were placed in chemically reasonable calculated 
positions and refined using a riding model with isotropic thermal parameters 1.2 
times that of the respective C atom. The methyl group was placed in an idealised 
position, taking into account the electron density map in the vicinity of the C atom. 
Their isotropic thermal parameters were set at 1.5 times that ofClM. 
A difference Fourier synthesis calculated on the basis of this phasing model 
exhibited a number of peaks which were assigned to the solvent dichloromethane in 
three sites with full occupancy C atoms (CIS-3S). Similarity restraints were applied 
to all C—Cl and ClCl distances. One of the Cl atoms on C3S exhibited a peak of 
0.36 e A 3 inferring disorder at this site. The atom was split into the two positions 
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whose relative occupancies were refined using a free variable, such that their partial 
occupancies summed to that of C3 S (unity). When their isotropic thermal parameters 
were constrained to be equal, site occupancy factors converged to 0.77 and 0.23. All 
C and Cl atoms of the three dichioromethane molecules were able to be refined with 
anisotropic thermal parameters. I-I atoms were placed as above. 
Further peaks of residual electron density were assigned to water of 
crystallisation in three sites. Two of these sites were less than 1 A apart inferring that 
these were mutually exclusive. Their relative occupancies were established as for the 
disordered CH 2C12 solvate, resulting in 0.52 and 0.48. Each of the full and partially 
occupied 0 atoms were refined anisotropically. H atoms were placed in appropriate 
geometries after taking into account possible hydrogen bonding relationships 
amongst themselves and with the complex molecule (01W •Cl7 3.25 A). 
Table 2-3 Selected bond lengths from the crystal structure analysis of 2X1. 
Bond /A Bond /A Bond /A 
Col-06R 2.025(10) Co2-05R 2.046(11) Co3-01H 2.002(11) 
Col-02R 2.043(11) co2-03R 2.048(11) co3-N6R 2.052(11) 
C01-01M 2.135(12) Co2-04R 2.069(11) Co3-N7R 2.072(11) 
Col-01R 2.150(11) Co2-02H 2.113(11) Co3-06R 2.328(11) 
Co1-N3R 2.155(12) Co2-01H 2,116(11) Co3-CI 2.374(5) 
Col-03R 2.212(12) Co2-07R 2.186(10) Co3-07R 2.390(12) 
Co4-01 H 2.000(11) Co5-02H 1.987(10) Co6-08R 2.010(11) 
Co4-02H 2.010(10) Co5-01OR' 2.080(11) Co6-09R 2.060(11) 
Co4-N8R 2.061(12) Co5-N9R 2.102(11) co6-N4R 2.140(12) 
Co4-N5R 2.118(13) Co5-09R 2.216(11) Co6-01OR 2.156(11) 
Co4-08R 2.237(12) Co5-07R 2.245(11) Co6-N1 OR 2.181(11) 
C04-CI 3.230(6) Co5-CI 2.400(5) Co6-04R 2.215(12) 
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Table 2-4 Trans and extreme cis angles at cobalt atoms in the crystal structure 2X1. 
Angle 10 Angle /0 Angle /0 
06R-Col -N3R 157.3(4) 05R-co2-07R 164.5(5) 01 H-Co3-N7R 133.3(5) 
02R-col-03R 158.0(4) 03R-co2-02H 166.0(4) N6R-co3-07R 165.7(4) 
01M-Col-01R 175.4(4) 04R-co2-01H 167.4(4) 06R-co3-cI 169.1(3) 
N3R-Col -03R 61.0(4) 02H-co2-01 H 78.6(4) N7R-co3-07R 59.3(4) 
06R-Col-02R 105.2(5) 03R-Co2-07R 102.9(4) N6R-co3-cI 111.0(3) 
02H-Co4-N8R 141.2(5) 02H-Co5-N9R 150.1(5) N4R-Co6-01 OR 148.8(4) 
01 H-co4-08R 150.8(5) 09R-co5-cI 171.1(3) 09R-co6-N 1 OR 157.5(4) 
N5R-Co4-cI 171.3(3) 01oR-co5-07R 174.5(4) 08R-co6-04R 168.1(5) 
N8R-Co4-08R 60.9(4) N9R-co5-09R 61.3(4) 01OR-Co6-N1OR 61.5(4) 
N8R-co4--N5R 110.3(5) N9R-co5-cI 110.1(3) 08R-co6-N4R 106.9(5) 
2.5 Crystal Structure of a Dodecanuclear Cobalt Wheel 
2X2 	[C0 1 2(chp) 1 2(ac)12(p-H 20) 6 (TH F)61-9TH F-2.22 H20 
2.5.1 Background 
The title compound is analogous to a nickel complex synthesised 18 by this group. It 
can be found in the literature alongside several other high nuclearity wheels. The 
term 'wheel' infers a cyclic arrangement of metal centres, M. More specifically, an 
ideal wheel would be characterised by an identical set M• . •M . M angles and values 
of zero for all M- - -M . . 	. M torsions. By implication, the metals would be 
equidistant and coplanar. In this discussion, the term will be taken to include 
structures which approximately resemble this definition. 
In terms of sheer size, by far the most impressive wheels known have been 
synthesised by Muller and his group. In 1998 their mammoth {Mo 17 6} nuclearity' 9 
broke their own {Mo 152} record . 20 The two related structures are reduced, 
protonated, hydrated mixed-valent Mo" 1/Mo" oxides in which the metal atoms lie in 
more of a 'doughnut' formation than a wheel. Although both structures are 
composed of discrete molecules, they are classified as inorganic and exempt for 
inclusion in the CSD. The smaller of these has been used as a building block for the 
formation of an infinite 3-D array which features parallel nanosized channels. 21 
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The largest known wheel which could be classed as a coordination complex is 
a magnitude smaller than these molybdates. The {Fe ig } nuclearity published 22  by 
Lippard et al. was achieved using the Kemp's triacid imide ligand, each of which 
supplies a pair of [2.11] carboxylates to bridge neighbouring Fe atoms. There is then 
a drop to the next highest nuclearity, the dodecamer. In addition to the title 
compound and its nickel sister, this same nuclearity has been characterised for iron, 23 
magnesium24 and a mixed tin-osmium complex. 25  A structure based on close-packed 
{Sn 1 2} hexagons 26  is particularly interesting. Rather different dodecamers include a 
sandwich of two {Cu6} wheels 27  and a structure which is best described as a pair of 
concentric {Sb 6 } wheels. 28 The uniqueness of this latter complex is a result of 
sterically-active lone pairs on the Sb atoms. Half of these point radially inwards and 
half point radially outwards. Lower nuclearity complexes include several decameric 
iron wheels 29  (also 4X3) and a titanium octamer. 3° 
2.5.2 Results and Structural Account 
The point group of the complex is S6, with one-sixth of a molecule in the 
crystallographic asymmetric unit. This is consistent with Z = 6 for a space group 
with 36-fold order. The structure is analogous to that of the nickel complex. 18 
Both chpl * and chp2*  bridge Co atoms through their 0 donor in {2.20 a] mode. 
Acetate ac4*  forms a standard [2.11] bridge outside the ring, whereas ac3*  forms a 
less conventional [3.21] bridge within the hub. These six p-0 atoms can be held 
accountable for pulling in half of the angles. Those Col__C o2__Co l* 
angles (116.8°) are almost trigonal in contrast to the more linear (174.1°) 
Co2—Col---Co2' angles, which makes the metallocycle more resemble a hexagon 
rather than a dodecagon. The octahedral coordination of Co atoms is completed by a 
terminal THF molecule (THF5) and a bridging water molecule (01 W), which forms 
a hydrogen bond with both chpl*  and  chp2*.  Bond lengths, trans angles and 
extremes values of cis angles for each of the Co atoms are given in Table 2-5. 
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Figure 2-6 	Crystal structure 2X2 with Co atoms shown as magenta. The metallocycle 
approximates to a hexagon whose corners are formed by Co2*  atoms. Only those H atoms 
involved in hydrogen bonding are shown. 
Table 2-5 	Selected cobalt bond lengths and angles in the crystal structure M. 
Bond IA Angle r 
Col-024' 2.036(8) 023-Col-01W 79.2(3) 
Col-013" 2.062(8) 02R-Col-023 107.3(3) 
Col-02R 2.082(7) 01R-Col-023 173.1(3) 
Col-01R 2.088(7) 02R-Col-01W 173.2(3) 
Col-023 2.130(7) 024'-Col-013" 178.3(3) 
Col-01W 2.151(7) 
Co2-014 2.016(8) 01 R-Co2-02R 79.3(3) 
Co2-01 R 2.073(8) 01 4-Co2-01 R 99.6(3) 
Co2-023" 2.092(7) 01 R-Co2-01 W" 169.1(3) 
Co2-02R 2.100(7) 023"-Co2-01 5 171.6(3) 
Co2-01 5 2.108(8) 014-Co2-02R 176.5(3) 
Co201W 2.166(7) 
Symmetry operators: 	'(y, -x+y, -z) 	"(x-y, x, -z) 
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2.5.3 Refinement Procedures 
Structural refinement progressed routinely, with non-hydrogen atoms refining freely 
and with anisotropic temperature factors. Exceptions were the THF ligand (THF5) 
and solvate molecules (THF6,7). In the ligand, the 0 atom is ordered and the other 
atoms equally disordered over two sites. THF6 is fully occupied and ordered on a 
general position. 
THF7 is fully occupied and disordered across the two-fold axis at (x, 0, ¼). 
There are two unique C atoms, C27 and C37, which lie 1.09 A and 0.67 A away from 
the axis. They are ordered with full site-occupancy factors. The symmetry axis, 
which generates the other pair of C atoms to complete the molecule, bisects the 
C37__C37* bond. 037 (s.o.f. 0.5) lies 0.51 A away from the axis and is disordered 
over two positions. Although the H atoms attached to C37*  are ordered, those 
attached to C27*  exhibit two-fold disorder due to the disorder in the 037 site. All 
atoms were refined isotropically, with some high thermal parameters resulting from 
the special position disorder [U10 (C37) = 0.250]. The geometry of each of the three 
THF molecules THF5-7 was improved with the application of similarity restraints on 
all chemically equivalent non-hydrogen 1,2- and 1,3-distances. 
Apart from these nine THF solvate molecules per unit cell, additional peaks in 
the difference map indicated two further regions of smeared electron density. The 
presence of disordered solvate was consistent with the eleven most disagreeable 
reflections having a resolution greater than 3.5 A. These residual peaks appeared to 
derive from water solvate, but attempts to model them led to low site occupancy 
factors and refinement instability. 
This was effectively handled by the BYPASS procedure, which calculated an 
unmodelled solvate contribution of 133.0 electrons per unit cell in addition to the 
modelled THF molecules. If these electrons are assumed to derive from hydrate, the 
calculation implies 13.3 water molecules per cell or 2.22 molecules per formula unit. 
The reflection data do not justify attempts to incorporate these 0.37 molecules into a 
model for the disorder in the asymmetric unit. 
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2.6 Crystal Structure of a Tetraicosanuclear Cobalt Raft 
2X3 	[CO24(jt3-OH)14(t-0H) 4 (113-CI) 2CI 4 (m hp) 22 (j.t3-OMe) 2]•EtOAc 
2.6.1 Background 
This is the joint-highest nuclearity cobalt complex that has been characterised to date. 
The other known 31  (CO24} complex is heteronuclear (there are two Ti atoms in the 
molecule) and contains a pair of oxalate-bridged {CO3TiO 4 } cubane units. The only 
other metal-oxo complex in the CSD containing more than twenty 3d metal atoms, a 
{Co18Zn4} nuclearity, was also synthesised by Fehlner et al. In contrast to the title 
compound, both of these clusters are stabilised by a high number of carbonyl ligands. 
Their metal-metal and metal-carbon bonds infer substantial organometallic character. 
Higher nuclearity 3d clusters are known, but do not contain 0 donors. 
2.6.2 Results and Structural Account 
The structure is based on [CO3(OH)4] 2 cubes with one corner missing, and in some 
cases with one of the hydroxide vertices occupied by methoxide or chloride groups. 
The array is therefore held together by hydroxyl bridges. Of the twelve 
crystal lographically independent Co sites, five (Col-5) have a coordination geometry 
close to a regular octahedron. There are no chelating ligands attached to these metal 
sites. Three further sites (Co6-8) have one chelating ligand and four monodentate 
ligands attached, and have more distorted octahedral geometries. Co 12 also has one 
chelating ligand and three further contacts, and is probably best described as based on 
a distorted tetrahedral geometry [four bonds between 1.971(5) and 2.265(3) A] with 
one much longer contact [2.884(5) Al. The final three distinct sites (Co9-1 1) each 
have two chelating mhp ligands attached, with in each case the bond to the 0 donor 
much longer than the bond to the N donor of the group. Two further monodentate 
ligands lead to a coordination geometry best described as involving four short 
contacts in a distorted tetrahedral array [1.971(5) to 2.282(3) A] and two longer 
33 
contacts [2.310(5) to 3.022(5) A]. The shortest Co•••Co contact observed in 2X3 is 
3.014(3),A between Co7 and Coil. 
The exterior of the molecule is covered by twenty-two pyridonate ligands. 
These adopt four distinct bonding modes to Co atoms, two of which optionally 
involve the acceptance of a hydrogen bond from a bridging hydroxyl group. In each 
of the ligands mhpl-I I the N donor binds to a single Co atom and the 0 donor binds 







• 	 Co2 	Co6 
03H 	 cog 
CIT 	 Co3 
CIB 	 OIM 
08 	 - 	 C08 	mhp5 
02H 	
. 	 C05 	 mhp4 
C 	 / 
04H / 
Col 	 Coil 
/ 	 mhplO 






Figure 2-7 	Crystal structure 2X3 with Co atoms shown as magenta. All 24 metal 
atoms are approximately coplanar, with the bridging 0 and Cl donor atoms at the core of 
the structure lying either side of this plane. Pyridonate ligands are exclusively bound to 
peripheral metal atoms. Only those H atoms involved in hydrogen bonding are shown. 
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2.7 Crystal Structure of a Mixed Cobalt-Copper Complex 
2X4 [C0 6Cu 2 (.t3-OH)4 (mhp) 2(0 2CPh) 10 (Hmhp)4 (H 20) 2 ]•2Hmhp•5.6EtOAc 
2.7.1 Background 
Isostructural with its nickel analogue 2X5 these complexes are unusual because of 
their nuclearity. With the exception of the {C0 7Cu2 } pyridonate complex reported 
alongside and a cobalt-copper polymer 32  involving the bulky oxamidobis(N,N'-
propionato) ligand, no species with {Co 11Cu} or {Ni' 1Cu"} nuclearities greater than 
three are known. 
2.7.2 Results and Structural Account 
A total of four p3 hydroxides dominate the core, each of them centring a triangle of 
metals (Fig. 2-8). The pair of triangles created by 02H*  share an edge along the 
Co2 . Co2' vector and are strictly coplanar in accordance with the centre of 
symmetry which relates them. The other vertices of that {C04} parallelogram (C o3*) 
are also coordinated to the second unique hydroxide (OIH*)  and form part of the 
second triangle along with Col * and C u*. 
The charge of the [C06Cu2(OI-J)4]' 2+  unit is countered by ten benzoate (bz) and 
two mhp ligands. Coordination of the carboxylates is predominantly via the [2.11] 
coordination mode, although bz6*  forms a third coordinate bond with Cu*  (086—Cu 
2.40 A). This bond is almost perpendicular to the plane of the carboxylate 
(096—C76--086--Cu 104.00)  and is directed towards the axial cupric position. 
Bz4* is bound to only one metal (Co 1*),  the uncoordinating 0 atom participating in 
a hydrogen bond with a terminal water molecule (03W*)  attached to that same 
metal. 
The sole unique anionic pyridonate (mhpl *) chelates to Cu*  and forms a 
bridge to Co2*  via the 0 atom. The binding is [2.2 a 1] with 02H*  acting as the 
hydrogen donor. Two neutral pyridones coordinate through the 0 atom alone. 
Hmhp2* bridges  Col*  and  Co3*  in a [2.20d]  mode, with the protonated N atom 
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hydrogen bond with bz4*  (N2R- -084 2.72 A). Hmhp3*  binds terminally as 
[l.laOdd] to Co2*  while forming a pair of hydrogen bonds with OIH*  and  03W*. 
2.8 Analysis of Pyridonate Binding Modes in 2X1-2X23 
The other relevant crystal structures featuring polynuclear cores stabilised by arrays 
of pyridonate ligands are not discussed. However, their molecular plots (Figs 2-9, 2-
10, 2-11 and 2-12) are instructive in showing the extent of variability of the 
coordinate interactions. Compound 2X5 is isostructural with 2X4 so is not shown. 
Likewise, 2X14 is isostructural with 2X15, 2X17 with 2X18 and 2X21 with 2X22. 
Default atom colour coding is used throughout. In Fig. 2-12, the 4f atoms are those 
with the larger radii. 
For each structure, the binding modes of crystallographically unique pyridonate 
ligands were categorised according to §2.2. Hydrogen bonds were taken into 
account. The complete set of binding modes observed within these 23 structures is 
provided in Table 2-6. 
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Figure 2.11 	Two nickel-sodium complexes. 
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Figure p'P 	Three 3d-4f pyridonate complexes. 
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Table 2-6 	Analysis of binding pyridonate modes in complexes 2X1-2X23. 
2X1 	Hchpl chp2 chp3 chp4 chp5 
[l.laOd] [1.1 a0a] [2.21] [2.21] [2.11] 
chp6 chp7 chp8 chp9 chplO 
[2.2a 1] [3.31] [2.21] [2.2a 1] [2.2a 1] 
2X2 	 chpl 	chp2 
[2.20a ] 	[2.20a ] 
2X3 mhpl mhp2 mhp3 mhp4 mhp5 mhp6 
[2.21] [2.11] [3.31 a ] [3.21] [3.31] [3.21] 
mhp7 mhp8 mhp9 mhplO mhpll 
[3.21] [3.21] [2.1 a 1] [2.21] [2.11]  
2X4 mhpl Hmhp2 Hmhp3 
(2X5) [2.2a 1] [2 . 20d] [l.laOdd]  
2X6 chpl chp2 
[2.20a] [2.20a]  
2X7 chpl chp2 chp3 chp4 chp5 chp6 
[2.20a] [2.20a] [1.l a 1] [2.21] [2.21] [2.21] 
2X8 chpl chp2 chp3 chp4 chp5 chp6 	chp7 	chp8 
[1.1 a l] [2.21] [2.21] [2.21] [2.21] [2.21] 	[2.21] [2.21] 
2X9 mhpl mhp2 mhp3 mhp4 mhp5 
- [3.2a 1] [1.l aaa l] [2.21] [3.31] [3.31] 
2X10 mhpl mhp2 mhp3 mhp4 mhp5 mhp6 
[3.31] [3.31] [3.31] [3.31] [3.31] [3.31] 
mhp7 mhp8 mhp9 mhplO mhpll mhp12 




2X13 chpl chp2 chp3 
[3.2a 1] [2.21] [3.31] 
2X14 chpl chp2 chp3 
(2X15) E1.1 a 1l [2.21] [2.21]  
2X16 mhpl mhp2 mhp3 	mhp4 	mhp5 	mhp6 	Hmhp7 
[2.2a1] [3.31] [2.21] [2.21] 	[2.21] 	[2.21] 	[3 . 30d] 
2X17 Hmhp Hmhp 
(=2X18) [2 . 20d] [2 . 20d] 
2X19 	chpl chp2 
[1.11] [1.11]  
2X20 	chpl chp2 	chp3 
[3.21] [2.21] [2.21] 
2X21 	chp chp2 chp3 	chp4 	chp5 	chp6 
(=2X22) [2.21] [2.21] [3.21] [3.21] [2.21] 	[2.21] 
2X23 	chpl chp2 chp3 
[3.21] [2.21] [2.21] 
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2.9 Conclusions 
The different binding modes listed in Table 2-6 are shown in Fig. 2-13. Disregarding 
hydrogen bonding, there are eight different modes, involving one, two or three metal 
atoms. Although the N atom does not coordinate in all cases, the 0 atom always 
binds to a metal site. Some ligands are protonated, and this exclusively occurs at the 
N atom. Considering hydrogen bonding contacts, which are evidently important for 
pyridonate ligands, there are an even greater number of possibilities. 
This analysis of binding modes is relevant because it is analogous to the 
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Figure 2-13 	Binding modes observed for (H)xhp ligands in the crystal structures 2X1- 
2X23. M represents any metal. An arrow from or to a donor atom indicates that it has 
been observed as a hydrogen bond donor or acceptor, resp. in that binding mode. 
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Investigation of Models for the Corrosion 
Protection of Copper with Benzotriazole 
3.1 Introducing Copper 
3. 1.1 Occurrence and Utility 
Copper is a tough, soft and ductile reddish metal, second only to silver in its high 
thermal and electrical conductivities. It is alloyed with zinc and tin to produce 
brasses and bronzes; it is completely miscible with gold and is used as a coinage 
metal. Of the 3.6 x 106  tonnes consumed in the US in 1996, 1 the major markets were 
building wire (16%) and plumbing/heating (15%), with other significant uses being 
electronics, telecommunications and power utilities. World demand over the last 
couple of decades has remained stable, even given its replacement by plastics and 
fibre optics for some contemporary uses. 
Copper was probably the first metal known to mankind, believed  to have been 
discovered in the valleys of the Tigris and Euphrates rivers Ca. 8000 BC. The 
corrosion resistance of copper was evidently appreciated by the Ancient Egyptians 
since they used copper bands and nails in ship building and used copper pipes for 
carrying water; centuries on some of these articles survive in good condition. Today 
copper is mined in many parts of the world, the largest producers being Chile, Peru, 
USA and Russia. Although it has been found in its native state at very high purity. 
about 80% of all copper mined today is recovered from low-grade ores containing not 
more than 2% of the element. Predominant copper-bearing ores fall into two main 
categories, sulfidic and oxidic. The former are more important commercially and 
occur mostly as the mineral chalcopyrite, CuFeS 2, from which the metal is 
traditionally extracted by oxidative roasting and smelting. It is gratifying to note that 
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more than one quarter of annual world copper production is now estimated  to come 
from microbial leaching, a 'clean' process involving dissolution of these insoluble 
sulfides and subsequent oxidation to sulfates by the acid-tolerant microorganism 
Thiobacillus ferrooxidans. Oxidic ores, on the other hand, such as tenorite, CuO, 
and cuprite, C1120, can be reduced directly to the metal by heating in a furnace with 
carbon; additionally, they are more amenable than sulfides to current solvent 
extraction technologies. The total global primary and secondary production of 
copper in 1996' was 11.8 x 106  tonnes. 
3.1.2 Corrosion Protection 
The fact that copper is to be found in significant quantities in its native state implies a 
degree of resistance to oxidation. Yet we know that gold is the only metal which is 
not thermodynamically unstable with respect to oxygen in acid solution. Copper can 
undergo passivation in ambient conditions by developing a stable, insoluble oxide 
layer which sufficiently reduces the kinetic behaviour of redox corrosion processes 
thus stabilising the substrate. However, this mechanism cannot always be relied 
upon to prevent degradation of bulk metal, since it is often required to function in 
aggressive conditions which destroy its passivity. Such conditions might involve 
high temperature, low pH or high concentrations of corrosive reagents, such as 
chloride. Frequently in such instances a corrosion inhibitor (C.I.) is employed to 
reduce degradation of metal substrate. 
Some N- and S-containing organic compounds, such as imidazoles, thiols 4 and 
mercapto-benzothiazoles 5 are well known ligands and surface-active agents for 
copper. Other compounds which have received interest  as C.I.'s are water soluble 
polymers such as polyvinylpyrroli done and polyethyleneimine, but the most effective 
and widely used inhibitors for copper and its alloys are based on benzotriazole, Hbta 
(Fig. 3-1). 
Hbta and its derivatives are excellent C.I.'s for copper under both dry and 
aqueous conditions over a wide range of water compositions, temperature and pH. In 
practice, it is applied to copper by vapour transport  from impregnated paper, 
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Figure 3-1 Benzotriazole, Hbta (centre), its conjugate base, bt& (right) 
and conjugate acid, H 2 bta 	(left). The numbering scheme is shown centre. 
electrochemically, or simply by dipping  copper in an aqueous solution of Hbta. The 
compound has been in use for over five decades, 9 yet although it is believed that a 
protective complex layer forms on the metal surface, its mode of action has never 
been fully established. Many research groups around the world continue to probe 
with advanced physical techniques this surface structure and mechanism of 
formation. 
The nature of the protection mechanism and of the structures of surface 
compounds thus remains the subject of conjecture and debate in scientific literature. 
There appears to be a reasonable consensus (see §3.3.2) that the organic initially 
chemisorbs onto the CU(S) or CU20(S) surface to afford monolayer protection, before 
forming a thicker multilayer which is predominantly a cuprous Cu(bta) (S) complex. 
Some oxidation to the cupric state inevitably occurs, forming Cu(bta) 2(5) . 
A comprehensive literature review will be presented in due course. It is 
evident at this stage that consideration of copper species in the 0, +1 and +2 is 
required, as well as solution equilibria involving Hbta, bta (hereafter referred to as 
bta) and H 2bta. It has been the remit of this investigation to pull together the 
available material, to attempt to rationalise key points and to integrate appropriate 
structural data into molecular modelling simulations of interfacial structure. The 
plausibilities of the models are related to their ability to improve our understanding 
of the corrosion protection mechanism. 
3.1.3 Coordination Chemistry 
A lengthy discussion of copper chemistry and its compounds is not merited here, 
since the subject has received' 0 comprehensive coverage from many others. These 
texts provide a wealth of information about the history of copper, its recovery, uses, 
minerals, the preparation and characterisation of its many inorganic compounds as 
well as extensive reviews discussing stereochemical and structural phenomena for a 
host of copper complexes. More recent review articles" on copper coordination 
compounds are widely available. 
It is perhaps worth stating the principal characteristics of reactivity and 
stereochemistry of the metal whose coordination chemistry is often referred to as 
'plastic'. The 'duality' of copper, that is the relative ease with which the Cu'/Cu" 
pair interconvert (see §3.2.1), is a major reason for the element serving such 
important biological functions, 12 particularly in the active sites of metalloproteins. 
The relative stabilities of the cuprous and cupric states are dependent upon 
environment. Thus, the equilibrium Cu ° + Cu" 2Cu' can be displaced readily in 
either direction. Cu' is generally unstable with respect to Cu" in the presence of 
water and hard ligands, but this can be dramatically influenced by solvent or other 
donor species present. In particular, non-chelating amines favour Cu' in contrast' °' to 
chelating amines which favour Cu". The cuprous state is stabilised by soft ligands, 
and halides are known to bind to it in preference to Cu". 
Both species exhibit a wide range of stereochemistries. The d' ° Cu' is found in 
two-, three- and four-coordinate environments (linear, trigonal and tetrahedral resp.), 
the latter being more common. In contrast, d9 Cu" is generally seen with four, five or 
six donors. These provide square, tetrahedral, square pyramidal, trigonal bipyramidal 
and octahedral coordination polyhedra. They are often affected by severe distortions 
which add a large degree of subjectivity to their classification. The formation of 
these irregular coordination polyhedra meets the requirements of the Jahn-Teller 
theorem. Whereas redox reversibility between Cu' and Cu" are relatively facile, 
further oxidation to Cu ll ' is difficult. Only a few such compounds are known, 
examples being KCu02 (square planar) and K3CuF 6 (octahedral). 
3.2 Copper in Oxidising Environments 
3.2.1 Aqueous Redox Behaviour 
Fresh copper metal is passivated in an oxygen atmosphere. It was shown' 3 many 
years ago that the protective layer which forms on the surface consists of cuprous 
oxide, Cu20( S) . Subsequent work showed 14,15  that at low temperatures oxidation 
occurs rapidly at first but practically ceases in a relatively short time (less than 
1 hour) forming highly protective stable Cu2O() films. Their limiting thickness 16  is 
dependent on temperature, and increase from approximately 10 A at 78 K to 100 A at 
353 K. Furthermore, it had been demonstrated 17  that copper oxide growth occurred 
by diffusion of copper cations through the oxide layer from base metal to react with 
adsorbed oxygen at the surface. The transfer of metal ions occurs by the formation of 
vacant cationic sites at the oxide-oxygen interface, followed by their diffusion to the 
metal-oxide interface.' 6 Darbyshire had shown 18  early on that a diffraction pattern of 
cuprite could be obtained from a previously clean copper surface after only 45 min in 
the atmosphere at room temperature. Later studies' 9 at high temperatures indicated 
that the initial stages of oxidation involved the growth of cuprous oxide nuclei which 
grow laterally until they cover the whole surface. When the thickness of this layer 
exceeds 400 A cupric oxide begins to appear, possibly because diffusion of copper 
through the cuprous oxide becomes sufficiently difficult thus allowing oxidation of 
the outermost cuprous oxide to cupric oxide. 
These phenomena provide the groundwork for understanding the physical basis 
of copper passivation and give an impression of the chemical nature of copper 
surfaces exposed to the atmosphere. However these facts must be used alongside 
some knowledge of copper redox processes which occur in aqueous solution. In 
particular, those occurring at low pH must be considered, since Hbta is often used in 
acidic media. 
Relevant half-cell standard electrode potentials for copper are 20  as follows: 
 Cu + e -> 	Cu(s) E° = +0.52 V 
 Cu 2+ + 2& -> 	Cu(s) E° = +0.34 V 
 Cu 2+ + & -> 	Cu = +0.16 V 
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Oxidation of copper occurs as anodic processes via the reverse of (i)-(iii), with 
possible candidates for completion of a cell reaction including: 
(al) 	02 + 4H + 4e 	—> 2H20 	Eo = + 1.23 V 
(b 1) 	2H+2& 	—> H2 	E° =+OV 
These processes are pH-dependent. They can be rewritten to apply to unit hydroxide 
activity: 
(a2) 	02+ 21420 + 4e 	—> 40W 	Eo = +0.40 V 
(b2) 	21420 + 2& 	—> H2 + 20W E° = -0.83 V 
For both (a) and (b), forms (1) and (2) relate to the same process at opposite extremes 
of the pH spectrum, and the interrelationship of forms (1) and (2) is governed by the 
Nernst equation. This means that for (a) and (b) a linear relationship exists between 
E° and pH. When plotted on an E-pH diagram these are referred to as the oxygen and 
hydrogen lines, resp. Figure 3-2 shows the positions of these lines (dashes) in 
relationship to the half-cell potentials for copper, (i)-(iii). 
	
E01 	 Figure 3-2 	Standard electrode potentials of 
+1.5 	
(a) oxygen, (b) hydrogen and copper, (i)-(iii). 
+1.0 -__ 	(a) 
+0.5 	 (i) 
o __ - 
7 14 pH 
-0.5 
(b) - - 
Rill 
The E-pH diagram can be augmented with solution equilibrium data to produce 
a Pourbaix diagram, which represents the thermodynamic stabilities of all possible 
solid and solution phase species throughout the E-pH regime. Tromans recently 
presented 21  such data for the Cu-1-1 20 system. His results acknowledge that Cu' is 
unstable wrt Cu° and Cu" in aqueous solution. 
From (i) and (iii), 22 
2Cu' -> 	Cu(S) + Cu" 	 = +0.37 V 	[CU 
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He also concludes that Cu(,) is stable at low E-pH, Cu20(5) stable at intermediate 
values (centred at 0 V. pH9) and CuO (S) is stable at high E-pH. 
3.2.2 Oxide Crystal Structures and Habits 
The crystal structures of copper and its important oxides were retrieved from the 
ICSD. The structure of copper itself is relevant to this investigation, since fresh 
copper surfaces have been extensively probed in the literature for their reactivity 
towards Hbta. 
Oxidic copper chemistry is fairly straightforward, with all compounds being 
stoichiometric. There is in fact only one predominant oxide for each of the +1 and 
+2 oxidation states- the compounds Cu20 and CuO, known as the minerals cuprite 
and tenorite resp. It has already been suggested that cuprite is the predominant 
passivation product of fresh copper, and so the modelling investigations were 
concentrated on this phase. Since some workers have reported detection of cupric 
oxide on copper surfaces, this phase was considered too. 
Two other oxide mineral structures were identified from the ICSD. 
Paramelaconite is a mixed-valent oxide with composition Cu"2Cu'203 and spertiniite 
is cupric hydroxide, Cu(OH)2. These crystal structures were also studied, since they 
give a useful insight into the structural chemistry of copper in oxidic environments. 
Copper, Cu 	 Cubic 23 	 F 41rn -3 21rn (225) 
Colour: red 	 a= 3.615 A 
In common with many other metals, copper has the ccp (fcc) structure. Each atom 
has 12 nearest neighbours at 2.56 A, and the cp layer is manifested in the body 
diagonal of the cell, (11 1). Figure 3-3 shows the unit cell viewed normal to the cp 
layer (Cu atoms are coloured black). 
Figure 3-3 Unit cell of Cu along [111] Figure 3-4 BFDH morphology for Cu. 
Table 3-1 	BFDH morphology calculation for copper (mm. slice thickness = 1.0 A) 
Face Multiplicity d-spacing (A) Area (%) Corners 
{1 1 11 8 2.09 77.6 6 
{200} 6 1.81 22.4 4 
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Cuprite, Cu20 	 Cubic 
24 
	 P 42/fl  -3 21rn (224) 
Colour: red a = 4.268 A 
Each Cu atom (occupying a 4b site:. -3 rn) forms 2 collinear bonds and each 0 atom 
(occupying a 2a site: -4 3 m) four tetrahedral bonds so that all Cu--O bonds are 
1.84 A. The structure is based on a system of two interpenetrating crystabolite-like 
nets 25  which are not connected by any primary bonds. This is shown in Fig. 3-5, with 
atoms on one of the nets highlighted with cross-hatching. The structure is a ccp 
arrangement of Cu' cations with 02  anions occupying '/4 of the Td interstices. It so 
happens that the 6 n.n.'s around any cp Cu atom (at 3.01 A) reside on the alternative 
net. The collinear bonds which that central copper makes with oxygen lie 
perpendicular to the cp plane. It is taken as convention to show Cu' cations as cyan 
and oxygens as red (see Fig. 3-5). 
	
Figure 3-5 	8 unit cells of Cu20. 	 Figure 3-6 	BFDH morphology for Cu20. 
Table 3-2 	BFDH morphology calculation for cuprite (mm. slice thickness = 1.2 A) 
Face 	Multiplicity 	d-spacing (A) 	Area (%) 	Corners 
{1 101 	12 	 3.01 	 100 	 4 
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Tenorite, CuO 	 Monoclinic26 	C I 21c 1 (15) 
Colour: grey-black 	a = 4.684 A, b = 3.425 A, c = 5.129 A, 13  99540 
This structure belongs to the PtS group and provides a simple example of Cu" 
forming four coplanar bonds. All Cu-0 bond lengths are within 1.95 to 1.96 A, 
with next n.n.'s to Cu being two oxides at 2.78 A which lie 17° off the axial 
positions. Angles at the metal, which lies on an inversion centre, are in pairs of 
84.3°, 95.7° and 1800  so that it can be described as tetragonally distorted octahedral. 
The oxide ion, which lies on a two-fold axis, has a more distorted geometry. It has 
two pairs of angles each of 95.7° and 104.0°, and two unique angles of 108.8° and 
145.8°. 
Figure 3-7 	4 unit cells of CuO, along c. Figure 3-8 BDFH morphology for CuO. 
Table 3-3 	BFDH morphology calculation for tenorite (mm. slice thickness = 1.2 A) 
Face Multiplicity d-spacing (A) Area (%) Corners 
{1 1 0} 4 2.75 31.6 5 
{1 1 -1) 4 2.52 24.9 6 
{002} 2 2.53 20.5 6 
{200} 2 2.31 11.4 8 
{1 1 1} 4 2.32 10.4 4 
{20-2} 2 1.87 1.3 4 
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Paramelaconite, Cu ll  2Cu'203 	Tetragona1 27 	I 4 1 1a 21rn 2/d (14 1) 
opaque 	 a5.837A, c9.932A 
This is based on the tenorite structure with a tetragonal supercell of approximately 
four times the volume. Some Cull  sites are replaced by Cu' and charge neutrality is 
maintained by loss of oxygen so that the compound conforms with the general 
formula Cu" J 6..2XCu'2,(O j . The cupric cations remain essentially square-planar but 
cuprous sites are linear, such that the omission of two Cu--O bonds with respect to 
the equivalent cupric site in tenorite is coincidental with omission of two oxide ions. 
Figure 3-9 Fragment of Cu2Cu'203 along 
c to show comparison with Fig. 5-7. 
Figure 3-10 	BFDH morphology for 
Cu"2Cu'203 . 
Table 3-4 	BFDH morphology caic. for paramelaconite (mm. slice thickness = 1.9 A) 
Face Multiplicity d-spacing (A) Area (%) Corners 
{101} 8 5.03 100 3 
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Spertiniite, Cu(OH)2 Orthorhombic 28 Cm c 2 (36) 
Colour: pale blue a = 2.947 A, b = 10.593 A, c = 5.256 A 
The Cu-0 coordination polyhedron is square pyramidal or strongly (4+1+1) 
distorted octahedral. Cu-0 distances are 1.95 to 1.97 A within the equatorial plane 
of the square pyramid, the apical distance is 2.36 A and, assuming a distorted 
octahedral coordination sphere, the remaining vertex is a rather distant 2.92 A. 
Figure 3-11 8 unit cells of Cu(OH)2 along a. 
Figure 3-12 (above) Hydrogen-bonding 
motifs in Cu(OH)2 . 
Figure 3-13 (right) BDFH morphology 
of Cu(OH) 2 . 
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Chains of octahedra are formed by sharing equatorial edges along [1 0 0] thus 
forming rafts perpendicular to [0 1 0] which are bound together by hydrogen 
bonding. This results in a laminar structure with marked similarities to that of 
y—FeOOH,29 a rather unusual phenomenon. In fact it lends to the idea that oxide and 
hydroxide moieties are able to accommodate rather similar geometries. As long as 
charges are balanced, there is an obvious thermodynamic advantage in maximising 
the density of hydrogen bonding. Of the two independent 0H groups in spertiniite, 
one is a bifurcating donor while the other is a conventional donor as well as a 
trifurcating acceptor (see Fig. 3-12). 
Table 3-5 	BFDH morphology calculation for spertinilte (mm. slice thickness = 1.5 A) 
Face 	Multiplicity 	d-spacing (A) 	Area (%) 	Corners 
{0 2 0} 2 5.30 30.70 4 
{021} 2 3.73 19.66 6 
{0 2 -1} 2 3.73 19.66 6 
{1 1 0} 4 2.84 19.22 6 
{1 1 1} 4 2.50 5.38 3 
(11 -1) 4 2.50 5.38 3 
WFA 
3.3 Experimental Evidence for the Basis of Surface Protection 
3.3.1 Foreword 
The basis for the superior corrosion protection provided by Hbta to copper has 
intrigued and eluded many researchers over the last three decades. Is it really such a 
difficult problem to solve? Benzotriazole could hardly be considered a complicated 
molecule, and the coordination chemistry of copper is well documented. 
In the wealth of literature available on the topic, the essence of this affinity of 
copper for benzotriazole has not been satisfactorily identified. From an academic 
point of view this is of some concern. We would have more confidence in our efforts 
to rationally design surface-active ligands if we had a better understanding of the 
basis of this significant surface effect. 
The most obvious factor which hampers the quest for understanding is the lack 
of structural definition which still remains in probing the relevant surfaces and 
interfaces. Significant advances have taken place in the development of surface 
analytical techniques over the last couple of decades. There have been great 
improvements in surface imaging techniques, which can now in some cases see' 
molecules on surfaces. However, there is still no structural tool available which can 
provide remotely comparable molecular resolution from a surface or interface as that 
which is routinely achieved from a single crystal. 
Many researchers have attempted to resolve the interfacial structures of 
benzotriazole on copper surfaces. Due to the massive diversity in principle behind 
the surface sensitivity offered by the wide range of experimental techniques 
employed, these characterisations often involve very different sample preparation, 
experimental conditions and data collection regimes. For these reasons a great deal 
of conflict exists between the conclusions reached in the multitude of published 
material. A concise review of the available material will necessarily avoid many of 
the specific experimental details from these papers. 
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3.3.2 Review of Literature on Copper-Benzotriazole Interfaces 
The earliest work in this field was published  30  in 1967 by Cotton and Scholes. They 
attributed the effectiveness of Hbta to the insoluble complex produced on its reaction 
with copper substrate. Many molecules closely related to Hbta (e.g. indole and 
1 -methylbenzotriazole) were found not to form insoluble complexes. They proposed 
that the Cu(bta) (S) complex was a 2-D polymer which formed an impervious layer of 
molecular order of thickness at the metal surface. Infrared evidence suggested that 
the film may contain water and/or hydroxide. They proposed that bta groups lay flat 
on the surface coordinated to linear Cu' species in the [2.101 j mode. 
Poling found  31  that copper oxide was a prerequisite for the formation of a 
protective surface layer. Mansfield et al. proposed  32  a chemisorption mechanism 
based on ellipsometry data; this chemisorbed layer prevented the adsorption of 
oxygen. Using XPS depth profiling, Roberts identified  33  cuprous (and some cupric) 
bta complexes [depth, (15±7) A] within three minutes of immersion of Cu20 (S ) 
substrate in aqueous Hbta solution. Complex formation on CUO( S) substrates was 
considerably slower. He found that the cuprous-bta complex was inert and 
polymeric. Youda et al. agreed  34  that the protective film had a network structure. 
Notoya et al. found  35  at 60°C that surface protection can be afforded to copper 
by Hbta concentration ~! 0.1% w/w in aqueous solution with a two minute contact 
time. With the aid of IR reflectance spectroscopy, SEM and electrochemical 
techniques, they discovered that the degree of protection increases with temperature, 
immersion time and Hbta concentration (film thickness 24-193 A for T = 25-100°C). 
Rubim et al. suggested  36  that the bta structure on copper oxide consisted of a 
flat polymeric zig-zag chain in combination with copper oxide between the inverse 
orientation of two bta molecules. Based on NMR spectra, Hollander et al. also 
proposed  37  that bta molecules lay parallel with the copper surface. 
Fang et al. used photoemission spectra to claim  38  that these models with the bta 
lying flat on the copper surface were 'not correct'. They proposed a model in which 
bta molecules were aligned perpendicular with the copper surface and attached to it 
though N lone pairs. The bta was attached in a [2.1 lO al coordination mode. They 
suggested that such a bta monolayer could tie up all surface Cu atoms and could 
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involve weak intermolecular C—HO •N3 hydrogen bonding. This upright molecular 
arrangement was also favoured 39 by Eickmans et al., who employed Temperature 
Programmed Desorption Mass Spectrometry to measure similar desorption energies 
for benzotriazole, tolyltriazole and butyl benzotriazole on copper. They used these 
data to infer that the means of attachment of each of these molecules with the 
substrate had to be the same in each case, namely through coordinating N atoms. 
Roberts et al. used 40 EXAFS in glancing angle geometry to examine thin films 
with synchrotron radiation. They showed that adsorbed films were only a few 
monolayers in thickness. By inference from nearest neighbour shell distances and 
coordination numbers, they agreed in part with Fang and Eickmans that the inhibitor 
molecules were arranged upright on the surface. They suggested that protonated 
Hbta species coordinated exclusively through N2 in the [l.OdlOaJ  mode, with 
intermolecular NI—Hl S. •N3 hydrogen bonding stabilising the array. They 
suggested that this structure would correspond to a commensurate arrangement on 
the Cu20 0  0 0) surface. 
Further structural information of bta on Cu20 was obtained 4 ' by Xu et al. 
Studying the adsorption mechanism using transmission UV and AES, they proposed 
that bta molecules were aligned with their planes perpendicular to the cuprite surface 
such that their molecular dipoles made an angle of 62° with the surface normal. This 
angle did not change between submonolayer and monolayer coverage. The surface 
saturation density related to an area of 16 A 2 per bta molecule, which excluded the 
possibility of molecules lying flat on the surface (which would occupy an area of 
35 A 2) . The combination of these measurements implied [1.100] or [2.110] but not 
[3.111] binding. This hypothesis was again supported 42  by Smith et al., whose 
SERRS measurements implied that the tightly bound bta was present at an angle to 
the copper surface rather than flat on it. 
Ling et al. used 43  SEM and FTIR spectroscopy to study copper substrate 
exposed to aerated Hbta(aq) solutions at pH 1-2. They found that CU20( S) formation 
was a prerequisite for inhibitor adsorption because its positively charged surface 
attracted Hbta molecules and provided Cu' for Cu(bta) () formation. Deprotonation of 
these adsorbed molecules would lead to a monolayer of Cu(bta) in which the 
ZE 
inhibitor may be bound as [1.100]. Cu' ions which subsequently diffused from the 
bulk could bind to the uncoordinated N3 atoms of the monolayer and go on to react 
with more Hbta molecules (which would deprotonate). This would set the scene for 
a polymeric film, whose limiting thickness would be controlled by the ability of Cu' 
ions to diffuse through it from substrate to solution. 
In situ STM techniques have recently been used by Behm et al. to obtain 
some of the more convincing molecular resolution images available to date. They 
studied bta adsorption on Cu (1 0 0) electrodes in aqueous solution in both sulfuric 45 
and hydrochloric46 acid solutions. In the former medium, two bta adlayer phases 
were identified. The first was attributed to a chemisorbed bta layer which was 
'commensurate to the substrate lattice and indicative of a flat adsorption geometry' 
(the latter claim was later modified, 46 and reattributed to the molecules being 
perpendicular or slightly tilted with respect to the surface normal). The second phase 
was disordered with chainlike molecular structures. They found that the presence of 
Hbta considerably slowed down dissolution of Cu at step edges. In the chloride 
medium, they identified the same commensurate structure as before. However, they 
suggested a different adsorption mechanism from that with sulfate. [CuCI 2 1 ions 
reacted with Hbta molecules in solution to form Cu(bta) (S), which then precipitated 
and covered the Cu surface with an inhibiting film. 
3.4 Philosophy of the Molecular Modelling Strategy: 
Corroboration from Structural Observations 
Molecular modelling techniques cannot provide a characterisation of surfaces. 
However, they can be a valuable resource for proposing, comparing and evaluating 
structural models in the light of experimental evidence. The above literature 
discussion contains many contradictory proposals for adsorbed structures. Molecular 
modelling can be used to help to clarify such suggestions and provide a deeper 
insight than can be achieved from the simplistic 2-D sketches commonly published. 
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The philosophy of this project has been to evidence models and their structural 
characteristics with information observed for relevant small molecule structures. The 
validity of calculations was assessed by analysing chemical and structural phenomena 
in the CSD. Before beginning to model structures for possible copper-benzotriazole 
surface complexes, a detailed review of coordination compounds involving these 
species was undertaken. For several reasons, this study was extended to consider 
copper complexes with other N-donor ligands which are similar to benzotriazole, and 
also complexes featuring these organic compounds with metals other than copper. 
This was deemed necessary for the following reasons: 
Polynuclear structures involving benzotriazole bound to copper are scarce. This 
limited the use of statistical distributions of binding modes and geometries. 
The disposition of donor functionality in beazotriazole means that many 
coordination modes are observed. No single mode predominates outright. 
The weak acidity of the molecule permits stable binding by both the neutral and 
anionic ligand. 
Compounds related to benzotriazole, such as imidazole, are also known to inhibit 
corrosion of copper. Their means of interaction with copper are of obvious 
interest. 
A detailed search was deemed important given the computational 
methodologies which were employed in the modelling work. A particular weakness 
of FF-based approaches is their inadequacy in distinguishing between valid and 
fundamentally flawed starting models. In this case, FF calculations could not 
differentiate between stabilities of cuprous and cupric benzotriazole complexes. The 
FF methods would be well suited to provide an indication of probable 
stereochemistries of those compounds if they existed. 
For these reasons, maximum use was made of structural trends and geometry 
available from the CSD throughout the investigation. It seems appropriate to discuss 
these various structures and analyses alongside the modelling. This approach 
facilitates a chronological account of the progress made and so a more accurate 
representation of the thought processes involved. 
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3.5 Discussion of the Initial 13.1111 Surface Binding Model 
Several years ago Garner, Tasker et al. reported 47  the synthesis and characterisation 
of a novel pentanuclear Cu" complex (3X1) as a model for the corrosion protection of 
copper. The neutral complex [Cu5(bta)6(acac)4] (Hacac = 2,4-pentanedione) consists 
of a pseudo-tetrahedral arrangement of four Cu" atoms (Cu2-5) centred on the fifth 
(Cul). Each bta is bound to Cul by its 'central' nitrogen, N2, and to two other 
peripheral Cu atoms through NI and N3 making it Tj or [3.111] bridging. This 
provides Cul with a tetragonally distorted (4+2) octahedral environment. The 
coordination sphere of each other Cu atom is completed by the [1.11] chelation of an 
acac anion resulting in an approximately square-based pyramidal {(N202) eqNax } 
geometry. The structure is shown in Fig. 3-14, with the interatomic Cu ... Cu 
distances shown alongside. 
Analysis of this geometry indicates that the average 1,2- and 1,3-bridged 
Cu.. .Cu distances are 3.68(4) A and 6.00(14) A resp. The authors suggested that the 
binding mode observed for bta could relate directly to the role of Hbta as a corrosion 
inhibitor of copper metal. They developed these ideas further by modelling the 
interaction with the (11 0) face of cuprite. They quoted the first and third n.n. 
Cu .Cu distances in that mineral as 3.270 A and 5.667 A resp. Simulating the orbital 
Cul•••Cu2 3.684 
Cu1 ... Cu3 3.715 
- 	/ 	
Cu4 	 Cu1 ... Cu4 3.616 
- 	 Cul . . Cu5 3.685 a /A  Cul 	 Cu2 ... Cu3 5.740 Cu2 	 Cu5 	 Cu2 . .Cu4 6.126 Cu2••Cu5 6.120 Cu3 . .Cu4 6.063 Cu3 ... Cu5 6.034 Cu4 ... Cu5 5.896 
Figure 3-14 	Crystal structure 3X1 with 1,2- and 1,3-bridged CuCu spacings. 
overlap of copper atoms for the average [Cu 3 (bta)] 5 fragment extracted from the 
cluster with the cuprite surface, they propose a satisfactory fit. 
Their conclusions seem reasonable in principle. The model leads to the 
suggestion that that the interaction of bta with the surface of oxidised copper metal 
involves a near-normal approach, binding two copper atoms on the surface and one 
atom in the layer below. Such binding utilises its ligating ability to the maximum. 
On scrutiny of the paper, the lattice parameters given for cuprite (cubic, 
a = 4.628 A) differ significantly from those available 24  from the ICSD and other 
reliable sources 2-5  (cubic, a = 4.268 A) and must be assumed erroneous. 
Unfortunately, the deviation in one unit cell dimension is propagated to the others by 
symmetry, with the effect that the suggested structure would have a density 28% 
lower than reality. This has obvious implications on the geometry and plausibility of 
the proposed r 3  binding site for bta. Table 3-6 contains the correct n.n. arrangements 
around Cu atoms in cuprite. 
Table 3-6 	Nearest-neighbour arrangements around Cu atoms in cuprite. 
Element Frequency Distance (A) Element Frequency Distance (A) 
Cu 12 3.01 0 2 1.84 
Cu 6 4.27 0 6 3.53 
Cu 24 5.21 0 6 4.64 
Cu 12 6.02 0 8 5.53 
Cu 24 6.73 0 12 6.30 
These measurements show that, rather than previously proposed, Cu... Cu 
distances in 3X1 [3.68(4) A, 6.00(14) A] are not similar with the first and third n.n. 
Cu ... Cu spacings in cuprite. It is apparent that these modelling studies need to be 
reassessed. Before this was embarked upon, a reliable simulation strategy was 
required. Since FF-based methods had already been identified as being the most 
appropriate in these circumstances, this necessarily meant obtaining/developing 
appropriate FF parameters for copper. 
3.6 The Universal Force Field: Fundamental Architecture 
3.6.1 Force Field Atom Types 
The principal objective of the developers of the universal force field 48 (UFF) was for 
it to be broadly applicable over the whole periodic table. It was successful in 
achieving those aims, and has the capacity to apply a broader range of 
parameterisation than any other FF that is currently available . 49 It does this by virtue 
of a novel underlying philosophy which has equipped it with tools to generate both 
bond and non-bond parameters by inference, without their prior explicit definition. 
Although most elements are included, each force field atom type ('FF-type') 
has been designed for a specific element and geometry. For some elements, such as 
C, N and 0, more than one FF-type has been included in UFF to deal with different 
hybridisations. 
The FF-type is denoted by a five letter mnemonic. The first two columns 
symbolise the element (an underscore occupies the second column where this is only 
one letter). The third column describes the hybridisation or geometry (1 = linear, 2 = 
trigonal, R = resonant, 3 = tetrahedral, 4 = square planar, 5 = trigonal bipyrarnidal, 6 
= octahedral). The fourth and fifth columns are optionally used as indicators of 
alternative parameters, such as formal oxidation state. Thus, C_R represents a 
resonant sp2 carbon atom, Fe6+2 represents an octahedral Fe" atom. 
Only one FF-type is provided ° for copper, namely Cu3+1. This is suitable for 
treatment of structures containing a tetrahedral Cu' atom but is unsuitable for use 
with Cu in any other coordination geometry. Attempts to simulate structures 
featuring Cu in other environments with assignment as Cu3+1 brought about gross 
structural deformations. Customisation of UFF with implementation of alternative 
FF-types for Cu was therefore required. 
3.6.2 Partial Atomic Charges 
Before developing any new FF parameters, the importance of partial atomic charges 
(PACs) had to be established. The UFF was developed 48  by Rappé, Casewit and 
Goddard III in conjunction with their Charge Equilibration (ChEq) methodology for 
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assignment of PACs. They recommend that this technique is used alongside UFF 
applications. Although this procedure is straightforward with both non-periodic and 
3-D periodic systems, the ChEq algorithm does not permit calculation of PACs in 
2-D periodic structures. Given that most of the simulation involved in this project 
involved such systems, this issue had to be given proper consideration. 
When attempts were made to assign PACs in 2-D systems on an intuitive basis, 
structural deformations resulted. It was obvious that errors in charges were causing 
detriment to simulations. A series of experiments were carried out to ascertain the 
importance of PACs in these calculations. In their benchmark paper, Rappé et al. 
detail 5° the molecules that they employed in their parameterisations. The bond radii 
for H, C, N and 0 had been obtained by fitting a small set of organic molecules. FF-
types H, C_3, C_2, C_i, C_R, N_3, N_R, N_2, N_I, 0_3, O_R and 0_2 had been 
parameterised using the eight molecules shown in Table 3-7. It should be noted that 
the authors state in their paper that they did not include partial atomic charges in 
deriving these valence parameters. 
In this project, the molecules were drawn in CERIUS2 and appropriately atom-
typed. PACs were calculated with the ChEq algorithm and the energy expression set 
up in each case to include all bond, angle, torsion, inversion, vdW and electrostatic 
terms. The energy of each molecule was then minimised using a standard 
minimisation scheme and PACs iteratively refined until they converged along with 
total energy. The molecules are fairly simple and a visual check confirmed that 
global minima had been reached. Each minimisation was then repeated after setting 
all PACs to zero. The energy expression was left unchanged so that a constant set of 
conditions was maintained, except that electrostatic terms had in effect been 
nullified. 
The molecular structures resulting from this series of calculations were 
analysed. The charge-equilibrated structures were checked against the measurements 
presented by the authors (see Table 3-7 [A]) and close agreement was found in all 
cases. For each molecule, the RMS fit was calculated to compare the structures of 
the charge-equilibrated, [B], and charge-null, [C], minima. 
Table 3-7 	Comparison of structures simulated using the universal force field. 
[A] Published results: [B] Repetition with ChEq; [C] Repetition without ChEq. 
Bond Calculated bond distance /A RMS fit 
[A] 	[B] 	[C] [B]:[C] 
[propane C-H 1.112 1.112 1.111 
- 
0.02073 
C-C 1.526 1.525 1.526 
propene C-C 1.501 1.498 1.500 0.009039 
C=C 1.336 1.334 1.336 
propyne C-C 1.458 1.461 1.463 0.002121 
CC 1.207 1.204 1.205 
benzene CC 1.399 1.399 1.399 0.0002050 
F
imethylamine C-N 1.462 1.464 1.464 0.01436 
-methylformarnide C-N 1.459 1.466 1.457 0.02389 
dimethyldiazene N=N 1.247 1.246 1.248 0.006214 
acetonitrile NN 1.157 1.156 1.157 0.004559 
methyl ether C-O 1.410 1.410 1.410 0.004778 
methyl vinyl ether C-O 1.428 1.427 1.425 1 	0.01727 
acetone C=O 1.222 1.216 1.222 0.01893 
The values for RMS fits (B:C) are very small, indicating near-perfect structural 
similarity in all cases. It is obvious that inclusion of PACs makes negligible 
difference to the minimised structures for these molecules. Analogous experiments 
with larger molecules (3.7.4) yielded similar conclusions and so it was considered 
justified to ignore PACs in surface simulations using UFF. 
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3.7 The Universal Force Field: Augmentation for Copper 
3.7.1 Proposed New Force Field Types 
The FF-types in Table 3-8 were developed to treat the common coordination 
stereochemistries observed for Cu (§3.1.3) in both discrete complex molecules and in 
surface models. The FF-types were designed to describe the stereochemistry of the 
coordination polyhedra without explicit reference to oxidation state, since it had been 
decided to omit electrostatic terms from the simulations. 
Table 3-8 	Force field types developed to treat copper in a range of environments. 
Coordination Sphere FF type Coordination Sphere FF type 
Octahedral Cu6 Tetrahedral Cu3 
Trigonal bipyramidal Cu5 Trigonal Cu2 
Square planar Cu4 Linear Cul 
Terminal (in surface model) CuO 
The requirement of a new set of FF-types was to facilitate the prediction of 
unknown interfacial structures. Their parameterisation was developed by attempting 
to reproduce known structures using as simple a concept as possible, in accordance 
with the philosophy of the UFF. Given the heterogeneity of the inorganic-organic 
interface, the term 'known structure' must in this case cover crystal structures of both 
extended lattice oxides and polynuclear complexes. The new FF-types were 
therefore expected to perform on both the mineral lattice and the overlying complex. 
The beauty of the UFF is its simplicity. At its heart is a generator which, given 
the connectivity of a structure, sets up the energy expression based of relatively few 
parameters. For each FF-type featured in a structure, the following are predefined 
within UFF: 
Element type 





Lennard-Jones 6-12 radius and well-depth 
Inversion characteristics 
M 
In fact, these vary relatively little between the proposed new Cu FF-types. By 
far the most important variables affecting the geometry of the coordination sphere are 
(d) and (e). For each of the various Cu atom types these were deduced empirically, 
such that they brought about the least deformation when used to treat a range of 
structures comprised of extended lattices and discrete complex molecules. 
3.7.2 Model Structures for Calibrating New Force Field Parameters 
The requirement of the customised UFF (CUFF) was that it should reproduce known 
Cu-bta structures. This should maximise its ability to simulate copper-oxide-
benzotriazole interfacial structures. Since the new FF-types were not required to treat 
Cu in other environments, their calibration could be restricted to structures 
containing copper bound to oxygen and bta or analogous ligands. This was clearly 
not an approach able to have been taken by the original authors, since their FF was 
required to function 'universally'. 
A number of test structures were chosen for these parameterisations. They 
included the copper oxide minerals discussed in §3.2.2 (Cu 20, CuO, Cu403 ), a 
number of complexes with copper and benzotriazolate and a selection of other 
structures obtained from the CSD containing Cu bound to five-membered N -
heterocycles. The compounds are listed in Table 3-9 and relevant molecular 
structures (3X1-3X18) are shown in Fig. 3-15. 
While 18 structures is not a large number relative to the often very large 
parameter sets used in FF determination s ' for organic systems, it should be noted that 
the smaller absolute number of well characterised X-ray structures for transition 
metal complexes (of a given metal, oxidation state and donor) means that this is 
typical of tm FF parameterisations. In fact there are many tm FF's that are 
parameterised on data sets of less than 10 structures. 52 
Table 3-9 	Compounds from the CSD used to parameterise FF types for copper, 
Complex (including counter-anion and solvate if present) ref 
3X1 hexakis(p3-benzotriazolato)-tetrakis(2,4-pentanedionato)-penta-copper(l I) 
dichioromethane solvate 
47 
3X2 tris((-3, 5-dimethylpyrazolato)-copper(I)) 53 
3X3 bis((-4,5-dimethyIpyrazoIato-3-carboxyIato-O, N N)-(trimethylpyrazolyl-N)) 
copper(I I )-di-copper(I) 
54 
3X4 tris(cinnamylidene-p-toluidine-N)-copper( I) trifluoromethanesulfonate 
dichioromethane solvate 
55 
3X5 bis( i-pyridazine)-bis((2-cyanoguanidine)-copper(l)) tetrafluoroborate 56 
3X6 (1 ,3-bis(1 -methylbenzimidazol-2-yl)-propane-N, N)-acetonitrile-copper(l) 
hexafluorophosphate 
57 
3X7 hexakis(-pyridazine-1 ,2-diyl)-tetra-copper(I) tetra perch iorate acetone 
solvate 
58 
3X8 hexakis(ji3-benzotriazoiato)-tetrakis(t-butylisocyano-copper(l ))-copper(l I) 59 
3X9 tetrakis(N-methylimidazoie-N')-copper(I) perchlorate 60 
3X1 0 (2-(bis(pyrazolyl-ethyl)-amino)-phenolato-N N, N", 0)-copper(l) 61 
3X1 I bis(2,2'-bis(2-i mid azoiyi)bi phenyl- N N')-copper( I) perchiorate 62 
3X1 2 bis(2-(3,5-dim ethyl- 1 -pyrazolyl)-ethyl-ether)-copper(l) tetrafl uo robo rate 63 




3X1 5 bis(t-2-(3(5)-pyrazo!yl)-6-methylpyridine)-tetrakis(methanoI)-di-copper(l) 
bis(trifluoromethanesulfonate) 
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3X1 6 (t-pyrazoIe-N N') (1t—N , N, N', N'-tetrakis( 1 -methylbenzimidazol-2-ylmethyl)- 
1, 3-diaminopropari-2-oiato)-di-copper(I I) diperchlorate acetonitrile diethyl 
ether solvate 
67 
3X17 pentakis(imidazoiyl)-copper(I I) monophenyl phosphate tetrahydrate 68 
3X18 catena-(-aqua)-bis(p -benzotriazoiato)-copper(l I) 69 
70 
Figure 3-15 	Compounds used to parameterise FE types for copper. A dashed line within 
a five-membered heterocycle indicates a fused benzene ring which has 
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Figure 3-15 (continued) 
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3.7.3 Method of Force Field Parameterisation 
An initial form of CUFF was obtained by making a copy of UFF and, for each new 
proposed FF-type, creating a set of initial parameters by copying those provided for 
Cu3+1. As already stated, many of these were identical for all the Cu FF-types. 
Natural angles were initially set to the regular values as defined by hybridisations. 
Natural radii were assigned arbitrary values (this is an empirical term in UFF for 
which Cu3+1 has a value of 1.302 A). As a guideline for their initial assignment, the 
following ionic radii were considered: 
Tetrahedral Cu' 	0.74 A 	 Octahedral Cu' 	0.91 A 
Tetrahedral Cu" 0.71 A Octahedral Cu" 0.87 A 
Square planar Cu" 	0.71 A 
The initial version of CUFF then had to be properly parameterised against the 
set of test structures. For each new Cu FF-type, the test structures in which it 
featured were subjected to a series of minimisations with different values set for its 
natural angle and radius. For the mineral structures, this was carried out by 
minimising the energy of the 3-D lattice in two ways. Firstly, atomic positions but 
not unit cell dimensions were allowed to vary. Secondly, all atomic positions and all 
cell dimensions were allowed to vary, in accordance with constraints imposed by 
space group symmetry. For crystal structures containing molecular coordination 
complexes, a single molecule was extracted so that its state was effectively 'gaseous'. 
In this case, minimisations were performed without symmetry constraints. For 
crystal structures composed of l-D polymeric coordination complexes (3X18), the 
symmetry operators were utilised to generate several neighbouring asymmetric units 
along the axis of the polymer. All space group symmetry was then removed and the 
fragment treated as if it was a discrete, gaseous polynuclear molecule. 
3.7.4 Results of Force Field Parameterisation 
The final parameter values which were set for each of the FF-types were those which 
resulted in the best overall agreement between experimental and calculated geometry 
across the range of test structures. The extent of these agreements varied somewhat, 
73 
depending on the amount of distortion of the particular copper environments. Some 
variations were greater than those considered acceptable 48 ' 5° by the UFF authors, who 
defined 'fair' agreement by bond distance and angle errors of up to 0.08 A and 5°. It 
should be borne in mind that they cite only one structure for the pararneterisation of 
Cu3+ 1, namely the tetrakis(trimethylphosphine) copper(I) cation, 70  which is a nearly 
perfect tetrahedron'. Furthermore, their acceptance criteria depend solely on 
parameter averages. It is of course an intrinsic feature of FF methods that, in a free 
minimisation, the geometry of a polyhedron is averaged; however, in structures 
deviating from ideality, where the range of a parameter is broad (e.g., bond lengths in 
a tetragonally distorted Cu 11  octahedron), the changes resulting from a minimisation 
are perhaps better assessed in terms of their extremes as well as their averages. 
Changes in averages of parameters can be zero even when absolute changes are most 
certainly significant. 
The coordination polyhedra which could be treated by each of the seven new 
FF-types for copper are presented in Table 3-10. Although Cu4 had been designed to 
treat square-planar complexes and Cu6 octahedral complexes, it was found that they 
could both be used to treat structures with one less donor. This allowed the 
simulation of T-shaped and square-based pyramidal structures. Also shown are the 
most appropriate values found for their natural angles and radii, on the basis that they 
achieved the most satisfactory overall agreement with observation when applied to 
the range of chosen test structures. The effects that these specific parameters have on 
each of the test structures are contained in Tables 3-11 and 3-12. 
Table 3-10 	Parameters empirically developed for the treatment of copper with N and 0 









CuO 1 terminal 0 1.10 
Cul 2 linear 175 1.28 
Cu2 3 trigonal 131 1.32 
Cu3 4 tetrahedral 115 1.39 
Cu4 4 (or 3) square planar (or T-shaped) 90 1.35 
Cu5 5 trigonal bipyramidal 140 1.44 
Cu6 6 (or 5) octahedral (or SBP) 90 1.49 
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Table 3-11 	Structural results of CUFF minimisation of copper oxide mineral structures. 
Structural parameter Experimental CUFF (cell fixed) CUFF (cell variable) 
Cuprite (Cu atoms FF-type Cul)  
cell a/A 4.268 4.280 
cell Do/Mg m 3 6.156 6.061 
bond (Cu'-O)/A 1.844 1.844 1.853 
angle (O-Cu'-O)/° 180 180 180 
angle (Cu'-O-Cu 5/° 109.5 109.5 109.5 
Tenorite (Cu it  atoms FF-type Cu4)  
cell a, b, c/A 4.684, 3.423, 5.129 3.990, 3.990, 5.214 
cell 	/° 99.54 90.00 
cell Do/Mg m 3 6.516 6.367 
bond (Cu"-O)/A 1.951, 1.961 1.920, 1.978 2 X 1.921 
angle (O-Cu"-O)/° 2 x (84.3, 95.7, 180) 2 x (83.8, 96.2, 180) 2 x (85.5, 94.5, 180) 




2 X 117.4, 
2x(94.5, 117.4) 
Paramelaconite (Cu' atoms FF-type Cul; Cu" atoms FF-type Cu4)  
cell a, c/A 5.837, 9.932 5.715, 9.989 
cell Dr/Mg M,3 5.932 6.154 
bond (Cu'-O)/A 1.867 1.848 1.836 
bond (Cu"-O)IA 1.916, 1,966 1.916, 1.987 1.897, 1.962 
angle (O-Cu'-O)/° 180 180 180 
angle (O-Cu"-O)/° 2 X (82.5, 97.5, 180) 2 X (83.1, 96.9, 180) 2 X (84.4, 95.6, 180) 
angle (Cu'-01-Cu')/° 102.8 104.3 102.2 
angle (Cu"-01-Cu")/° 95.8 94.5 93.5 
angle (Cu'-01-Cu")/° 4 X 114.7 4 X 114.6 4 X 115.5 
angle (Cu"-02-Cu")/' 2 X 99.2, 4 X 114.8 2 X 99.2, 4 X 114.8 2 X 97.7, 4 X 115.7 
VIR 
Table 3-12 	Structural results of CUFF minimisation of copper complex structures. 
Structural parameter Experimental I 	CUFF 
3X1 (central CU "C atom FF-type Cu6; peripheral Cu" atoms FF-type Cu5) 
bond (Cu-N)/A 2.030, 2.034, 2.058, 
2.063, 2.304, 2.472 
2.202, 2.207, 2.208, 
2.193, 2.199, 2.224 
bond (Cu-N)/A 1.976 to 2.234 2.035 to 2.081 
bond (Cu-O)/A 1.913 to 1.954 1.975 to 1.978 
angle (N-Cu-N)/° 12 X (83.7 to 96.0), 
169.1, 171.6, 178.2 
12 x (87.1 to 92.9), 
178.0, 178.0, 178.1 
angle (N-Cu-N)/° 87.8 to 102.4 83.9 to 106.3 
angle (O-Cu-O)/° 91.0 to 91.5 87.3 to 87.9 
angle (N-Cu-O)/° 85.3 to 114.9 and 
152.6 to 176.2 
83.9 to 111.3 and 
142.3 to 155.9 
RMS fit [exptl. to FF] 0.9900 
3X1 (all Cu" atoms FF-type Cu6)  
bond (Cu-N)/A 2.030, 2.034, 2.058, 
2.063, 2.304, 2.472 
2.160, 2.162, 2.165 
2.166, 2.166, 2.167 
bond (Cu-N)/A 1.976 to 2.234 2.123 to 2.169 
bond (Cu-O)/A 1.913 to 1.954 2.005 to 2.006 
angle (N-Cu-N)/° 12 x (83.7 to 96.0), 
169.1, 171.6, 178.2 
12 x (89.6 to 90.6), 
179.7, 179.8, 179.8 
angle (N-Cu-N)/° 87.8 to 102.4 89.5 to 90.3 
angle (O-Cu-O)/° 91.0 to 91.5 89.3 to 91.8 
angle (N-Cu-O)/° 85.3 to 114.9 and 
152.6 to 176.2 
89.3 to 91.8 and 
178.2 to 178.6 
RMS fit [exptl. to FF] 0.6688 
3X2 (Cu' atoms FF-type Cul)  
bond (Cu'-N)/A 3 X 1.852, 3 X 1.857 4 X 1.932, 1.933 
angle (N-Cu'-N)/° 173.6, 174.6, 175.1 2 X 172.7, 172.8 
3X3 (Cu' atoms FE-type Cult Cu" atoms FF-type CA)  
bond (Cu'-N)/A 2 X 1.859, 2 X 1.868 4 X 1.930 
bond (Cu"-N)/A 2 X 1.889 2 x 1.965 
bond (Cu"-O)/A 2 X 1.978 2 X 1.980 
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angle (N-Cu'-N)/° 2 X 173.8 2 X 174.4 
angle (N_C u hI_N)/0 180 180 
angle (O-Cu"O)/° 180 180 
angle (N-Cu-O)/° 2 X 83.0, 2 X 97.0 2 X 86.6, 2 X 93.4 
3X4 (Cu' atoms FF-type Cu2)  
bond (Cu'-N)/A 3 X 1.998 3 X 1.987 
angle (N-Cu'-N)/° 3x120 3x120 
3X5 (Cu' atoms FF-type Cu2)  
bond (Cu'-Nsp 2 )/A 1.967, 1.968 2 X 1.972 
bond (Cu'-Nsp)/A 1.884 1.930 
angle (N-cu'-N)/° 119.4, 119.9, 120.5 119.7, 120.0, 120.3 
3X6 (Cu' atoms FF-type Cu2)  
bond (Cu'-Nsp 2 )/A 1.977, 1.960 1.971, 1.972 
bond (Cu'-Nsp)/A 1.912 1.930 
angle (N-Cu'-N)/° 118.1, 120.0, 121.6 119.1,2 X 120.5 
3X7 (Cu' atoms FF-type Cu2)  
bond (Cu'l-N)/A 1.958, 1.997, 2.028 2 X 1.970, 1.968 
bond (Cu 12-N)/A 1.977, 1.993, 2.004 2 X 1.970, 1.968 
angle (N-Cu l l-N)/° 109.5, 121.0, 127.5 2 X 119.2, 119.9 
angle (N.C u 1 2_N)/0 116.9, 118.9, 121.5 2 X 119.2, 119.9 
3X8 (Cu' atoms FE-type Cu3; Cu" atom F F-type Cu6)  
bond (Cu'-N)/A 2.009, 2.023, 2.088 3 X 2.000 
bond (Cu'-C)/A 1.882 2.074 
bond (Cu"-N)/A 2 X 2.086, 4 X 2.240 3 X 2.220, 3 X 2.221 
angle (N-Cu'-N)/° 94.6, 95,5, 98.2 2 X 101.8, 101.9 
angle (N-Cu'-C)/° 116.8, 121.2, 124.0 3 X 116.3 
angle (N-Cu"-N)/° 4 X 89.9, 4 X 90.0, 
4 x 90.1,3 x 180 
12 X 90.0, 3 X 180 
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3X9 (Cu' atoms FF-type Cu3) 
bond (Cu'-N)/A 4 x 2.054 4 x 2.076 
angle (NC uiN)/0 4 X 108.1,2 X 112.2 4 X 109.5, 2 X 109.4 
3X10 (Cu' atoms FF-type Cu3)  
bond (Cu'-Nsp 2)/A 2 X 1.952 2 X 1.991 
bond (Cu'-Nsp 3)/A 2195 1.969 
bond (Cu'-O)/A 2.032 1.927 
angle (Nsp 2-Cu'-Nsp 2)/° 126.8 117.6 
angle (Nsp2-Cu'-Nsp 3 )/° 2 X 100.6 2 X 104.7 
angle (Nsp2-Cu'-O)/° 2 X 115.4 2 X 115.3 
angle (Nsp 3-Cu'-O)/° 82.4 95.2 
3X11 (Cu' atoms FF-type Cu3) 
bond (Cu'-N)/A 2 X 2.030, 2 X 2.052 2 X 2.038, 2 X 2.050 
angle (N-Cu'-N)/° 100.4, 2 X 104.4, 
107.5,2 x 120.6 
104.9, 2 X 107.0, 
108.2,2 x 115.0 
3X12 (Cu' atoms FF-type Cu4) 
bond (Cu'-N)/A 1.875, 1.877 2.000, 2.001 
bond (Cu'-O)/A 2.197 1.981 
angle (N-Cu'-N)/° 169.1 176.7 
angle (N-Cu'-O)/° 94.1, 95.9 89.1, 94.0 
3X13 (Cu' atoms FE-type Cu4) 
bond (Cu'-Nsp 2 )/A 1.898, 1.899 2 X 2.000 
bond (Cu'-Nsp 3 )/A 2.213 2.050 
angle (N s p2 C u _Nsp2 )/0 165.0 177.5 
angle (Nsp2-Cu'-Nsp 3 )/° 96.9, 97.7 93.0, 99.3 
3X14 (Cu" atoms FF-type Cu5) 
bond (Cu"-N)/A 1.957, 2.040, 2.073, 2.084, 
2.095 
2.035, 2.056, 2.060, 2.079, 
2.097 
angle (N-Cu"-N)/° 80.4, 80.4, 81.7, 93.9, 101.4, 
103.2, 103.8, 
121.9, 126.6, 174.1 
82.1, 85.5, 85.7, 90.2, 98.4, 
98.8, 114.2, 
119.7, 123.2, 172.3 
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3X15 (Cu" atoms FE-type Cu5) 
bond (Cu"-N)/A 1.933, 1.987, 2.018 2.073, 2.091, 2.113 
bond (Cu"-O)/A 2.129, 2.166 2 X 2.013 
angle (NCu N)/0 81.3, 99.3, 179.3 81.1, 93.0, 174.1 
angle (NC u MO)/0 86.8, 89.5, 90.0, 
93.1, 114.8, 121.3 
90.8, 90.8, 92.3, 
92.3, 121.2, 121.2 
angle (O-Cu"-O)/° 123.5 117.4 
3X16 (Cu" atoms EF-type Cu5) 
bond (Cu"-N)/A 1.957 	1.986, 2.050, 2.056, 
2.064, 2.078, 2.101, 2,139 
2.045 to 2.100 
bond (Cu"-O)/A 1.934, 1.965 1.980, 1.981 
angle (NC u UN)/0 Cut 80.8, 81.1, 99.5, 106. 1, 
123.3, 170.8: 
Cu2: 79.2, 82.0, 102.9, 105.1, 
107.9, 171.9 
Cul: 84.4, 86.3, 95.4, 101.8, 
118.2, 170.9; 
Cu2: 84.2, 86.3, 95.3, 101.8, 
118.2, 171.0 
angle (N_C u O)I0 Cul: 82.2, 89.4, 112.7, 117.4; 
Cu2: 82.0, 89.9, 118,7, 126.3 
Cul: 85.3, 87.4, 114.7, 125.0; 
Cu2: 85.4, 87.5, 114.7, 125.1 
3X17 (Cu" atom EF-type Cu6) 
bond (Cu"-N)/A 2.029 to 2.062, 2.229 2.150 to 2.169 
angle (N-Cu"-N)/° 87.6 to 97.3, 167.3, 168.5 89.7 to 90.7, 178.6, 178.8 
3X18 (Cu" atoms FF-type Cu6) 
bond (Cu"-N)/A 1.999 to 2.023 2.127 to 2.166 (av. 2.145) 
bond (Cu-O)/A 2.475, 2.481 2.069 to 2.136 (av. 2.109) 
angle (N-Cu"-N)/° 88.0 to 95.0, 
2 x 173.5 
88.8 to 91.5 (av. 90.0); 
177.9 to 179.6 (av. 178.7) 
angle (N-Cu"-O)/° 84.8 to 98.1 86.7 to 96.9 (av. 90.0) 
angle (O-Cu"-O)/° 172.3 177.5 to 178.2 (av. 178.0) 
angle (Cu"-O-Cu")/° 88.0 104.5 to 105.7 (av. 104.9) 
distance (Cu".. .Cu")/ A 3.442 3.327 to 3.358 (av. 3.346) 
angle (Cu" •-Cu ll . . ,C u )10 180 176.8 to 178.2 (av. 177.7) 
3.7.5 Discussion 
In the minimisations performed on these sample structures, it became apparent that 
treatment of 'irregular' structures could be improved by taking a slightly different 
approach to the details of the atom typing and their implication to the energy 
expression. For example, severe problems were at first encountered in treating three-
coordinate Cu 1 complexes with the Cu2 type (this was set as idealised sp2 , natural 
angle 1200).  Angles around Cu' in three-coordinate environments rarely resemble 
DA point symmetry (although planarity is normal) and attempts to impose such a 
geometry on structures which are better described as T-shaped than trigonal resulted 
in substantial distortion. This was partially alleviated by increasing the natural angle 
to 130° (further increases were found to be ineffective), but still observed angles 
close to 180° were being reduced to an unsatisfactory 1350.  In effect here, the FF 
was working against observation and its force was distortive. A much more 
satisfactory result was achieved by making use of the commonly observed T-shaped 
stereochemistry and its underlying orbital basis. When the hybridisation was 
redefined as square planar with a CA type (natural angle 90°), T-shaped geometry 
was retained. The minimised structure was a much more acceptable reproduction of 
the observed structure. 
Similar results were found with five-coordinate cupric complexes, which are 
often better described as square-based pyramidal rather than trigonal bipyramidal. 
Again, there is a sound underlying basis for such observation, which is more suitably 
complemented by treatment with an octahedral Cu6 type rather than a TBP Cu5 type. 
The minimisation of 3X1 is one example in which improvements were achieved by 
adopting this principle. It should be noted that this strategy does not fall in line with 
the general philosophy of the UFF, since automatic atom typing routines are not well 
suited to dealing with apparent ambiguity. 
This strategy brought about substantial improvements to the FF treatment of 
copper compounds. Observed structures could now be reproduced with much less 
distortion since it provided an alternative to the wholly unsatisfactory approach of 
attempting to force bonds around the metal into DA geometries. In the context of the 
current investigation, this implied that potential interfacial structures would require 
exploration with a number of stereochemical possibilities, thus taking into 
consideration the plasticity of the metal. This was augmented by building into the 
parameter set some partial distortion. Analysis of the test structures showed that 
parameterisation with non-ideal natural angles for a number of the FF-types resulted 
in better agreement overall. Square planar and octahedral hybridisations were found 
to require absolute right angles in order to function properly. 
The overall set of results indicates that the new force field parameters perform 
reasonably well in reproducing the range of observed structures. They are of course 
not perfect, but description of the complex interaction by reduction to just two 
adjustable parameters is a tall order. Modelling of this type cannot be expected to 
take all effects (Jahn-Teller being especially significant for copper) and nuances into 
account, but is instead hoped to be a guide to understanding. The extent to which 
this succeeds or fails can be judged from the simulations which follow. 
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3.8 Reassessment of 13.1111 Surface Binding Model 
The initial r1 3  surface binding model discussed in §3.5 was reassessed using the range 
of Cu FF parameters that had been developed for this purpose. The basis of this 
approach was to attempt to account for the surface effect by modelling a stable 
interfacial complex formed with minimal reorganisation of the partially oxidised 
surface on reaction with Hbta aq ). 
3.8.1 Model Complexes with 13.1111 Benzotriazolate 
The mean 1,2- and 1,3-bridged Cu ... Cu distances observed in the pentanuclear model 
complex 3X1 are 3.68(4) A and 6.00(14) A. A search of the CSD carried out for the 
purposes of3.7 revealed another pentanuclear copper benzotriazolate complex, 3X8. 
It also has a {Cu 5 ( 3-bta)6 } core and its geometry is remarkably similar to that of 
3X1. Instead of containing five cupric atoms, it has a central octahedral Cu ll atom 
which is now centred on four peripheral Cu' atoms, again in a tetrahedral 
arrangement around it. The Cu-bta connectivity is identical to that of 3X1, and the 
main difference between the two complexes is the means by the which the additional 
coordinations of the peripheral Cu atoms arise. The four chelating acac ligands in 
3X1 which completed SBP environments for Cu" atoms are now taken by four C-
bound terI-butylisocyano ligands which complete tetrahedral environments for Cu' 
atoms. The compound is air-sensitive. The point group of the molecule is S 4 so that 
all 1,2-bridged Cu"- Cu' distances are the same, 3.638(2) A. The stereochemistry 
about the central Cu" atom is unusual in that it is a compressed octahedron (four 
CuNeq 2.240 A and two CU"N ax 2.086 A). The mean Cu' S. Cu' distance is 
5.94(8) A and the geometries of the cores of 3X1 and 3X8 can therefore be considered 
similar. 
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3.8.2 Identification of 13.1111 Binding Sites on Model Surface 
The crystal structure of cuprite was cleaved at (1 1 0)0.4  to a depth of 5 A, creating a 
copper' surface defined by a rectangular 2-D cell (u = 4.268 A, v = 6.022 A, A = 
25.70 A2) with composition [Cu20] 4 . 
As described in §3.5, the first four shells of Cu• . •Cu distances in cuprite are 
3.01 A, 4.26 A, 5.21 A and 6.02 A. Garner et al. suggested 47  that a good match 
exists between the 1,2- and 1,3-bridged distances in 3X1 with the first and third n.n. 
distances in cuprite. These statements are incorrect. A much better match exists 
between the mean 1,3-bridged distances in both 3X1 and 3X8 with the fourth n.n. 
spacings in the mineral. The 1,2-bridged distances in the model complexes are less 
well matched with the mineral, lying mid-way between the first and second shells of 
nearest neighbours. 
It was apparent that the initial premise (that the interaction of Hbta with cuprite 
to yield a stable surface complex could occur without extensive reorganisation of the 
underlying lattice) might require some revision here because the Cu ... Cu spacings in 
cuprite are significantly different from those involved in the 1,2-bridging of 
benzotriazole. Nonetheless, the rl model was pursued for assessment with force 
field simulations. 
Closer analysis of the cuprite lattice and the (1 1 0)0.4 surface model showed 
three possible i binding sites for bta. Each of these is characterised by three Cu 
atoms in the arrangement of an isosceles triangle. In each case, the unique edge is 
parallel with the surface and is formed between two uppermost atoms, which will be 
denoted Cuu. In the model, these are bound to NI and N3. The third vertex is 
formed by a Cu atom in a lower layer, CUL, which is bound to N2. The two-fold axis 
of the triangular site is normal to the surface. 
Of the three sites identified, two contain the same Cu- .. Cu spacings. These are 
the sites proposed by Garner et al., although they were not differentiated. They differ 
in the arrangement of 0 atoms that are bound to them which therefore affects their 
stereochemistry from the point of view of the binding of a potential ligand. In these 
sites, termed i73A1 and 773A2, the internuclear copper separations are 3.01 A, 3.01 A 
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Figure 3-16 
Six (1 x 1) surface cells of 
cuprite (11 O) OA . 
The four layers of Cu atoms 
are individually colour-coded. 
Top to bottom: yellow, orange, 
pink, purple. 
Figure 3-17 
Plan view of cuprite 
0 1 0)04 surface. 
The periodically 
repeating surface 
cell is indicated by 
dashed lines. Cu 
atoms are coloured 
as in Fig. 3-16. 
0 atoms are red. 
Triangles linking 
three Cu atoms 
(2Cu, CUL) which 
define potential i 
binding sites for bta 
are denoted ,13A1, 
3Afl 3 
i7fri O 17 
 
and 4.26 A. In the iA2 site, all three Cu atoms are on the same sublattice (see 
§3.2.2), whereas this is not the case for i/Al. 
The third site, i/B, is larger, with dimensions 4.27 A, 4.27 A and 6.02 A. 
Binding to the B-site first requires removal of a [CuO] unit because another Cu atom 
occurs above the site. It lies midway between the two Cu t,, atoms. This can be seen 
in Fig. 3-17, directly above the pink CUL atom. 
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3.8.3 Methodology for Simulating Chemisorption 
Each of these potential sites were treated in the same way. The cuprite lattice was 
cleaved at (11 0)0.4  and the 2-D periodicity of the surface was retained. From this, a 
(2 x 2) supercell was created. This meant that, when a bta was bound to it, its 
neighbours resulting from lattice translations would be far enough apart so as not to 
interfere with one another. This allowed intermolecular interactions between ligands 
to be ignored at first. They could be considered at a later stage, but first just the 
geometry of the binding site had to assessed. 
A series of surface models were set up, in each case importing a bta anion onto 
the periodic (11 0) model. The geometry of the bta was taken as the average 
observed in the model complex W. A comprehensive set of bond, angle and torsion 
restraints were applied to all atoms within the bta so that its structure would remain 
essentially fixed during the progress of the minimisations (by ruling out deformations 
to the structure of the organic, the number of structural variables to be assessed in the 
minimised models was reduced). It was manoeuvred to the appropriate site and 
placed in position for r 3  binding, such that its molecular axis was aligned with the 
two-fold axis of the site. Finally, it was bound to the surface by forming the three 
coordinate bonds between Cu and N atoms. The local starting geometries which 
resulted in binding a bta ligand to each of these sites are shown in Fig. 3-18. In each 
of these models, Cu atoms which are bound to N donors of bta ligands are shown 
with their complete coordination environments, as they are found in the 2-D periodic 
models. For the other Cu atoms, some 0-donors belonging to the cuprite lattice have 
been omitted. 
It can be seen from the models in Fig. 3-18 that the initial stereochemical 
characteristics of bta-bound Cu atoms are ambiguous. Cu u atoms are two-coordinate 
and CUL atoms are three-coordinate, but their respective geometries are far from 
regular linear or trigonal. It was established in §3.7 that some three-coordinate Cu' 
complexes were more suitably treated with a Cu4 FF atom-type rather than with Cu2, 
thus avoiding a T-shaped geometry from being forced towards trigonal. Such 
complexes appeared to feature a chelating ligand which may have imposed such a 
geometry on the Cu'. 
To ascertain the range and frequency of geometries observed around three-
coordinate Cu' atoms, the CSD was searched for structures containing such a feature. 
In each case, three angles around the Cu atom were measured. The distribution of 
results is presented in Fig. 3-19, showing that the range is broad. The extreme values 
observed are 75.10  and 171.8°, although the majority of angles fall within the range 
95 to 125°. Analysis of the sum of angles at each Cu centre (not shown) indicated 
that deviations from planarity are rare. This information provides evidence that 
three-coordinate Cu 1 atoms should not be restricted to regular trigonal geometries. It 
also shows that the ideal T-shape is not observed, since that would involve a single 
angle of 1800  in conjunction with a pair of right angles. An angle of 1600  could be 
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It was found in §3.7 that where an ambiguous stereochemistry arose in a 
structure, the most satisfactory way to approach its simulation was by treating Cu 
atoms with a variety of FF atom types. The most consistent simulation of a structure 
was not necessarily that which produced the most regular coordination polyhedron 
for copper, since it has been seen that copper can be fairly flexible with its 
coordination, in balance with geometrical demands placed on it by coordinating 
ligands. 
Similarly, in cases where initial structures of interfacial models featured Cu 
atoms with irregular coordination environments, the most thorough way to treat them 
was by trying out a selection of plausible FF-types. In each of the models shown in 
Fig. 3-18, a number of possibilities existed for the most appropriate assignments. 
These are discussed in due course 
For the various atom-type permutations required for each site in Fig. 3-18, a 
series of minimisations was carried out with successive reductions in the level of 
constraints imposed. 2-D periodicity was always enforced, and the full set of 
geometrical restraints on the organic fragment was retained throughout. In the first 
instance, Mini, the model was minimised with all surface cell parameters and cuprite 
atomic positions fixed, which effectively improved the binding geometry of the bta 
group with the surface site (these can be thought of as best initial models). Secondly, 
the minimisation was repeated with constraints removed on atomic positions. 
This allowed the structure to relax without incurring lattice deformation. Lastly, 
the minimisation was carried out after removing constraints on all lattice and 
atomic positional parameters. This allowed the force field to alter the positions of 
atoms and to simultaneously alter the cell lengths and angle. This was subject to the 
constraint of 2-D periodicity and to the geometrical restraints applied to the 
benzotriazole fragment. 
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3.8.4 Force Field Assessment of 3A Surface Models 
3.8.4.1 Assignment of Force Field Types 
Al: Cuu atoms (two-coordinate) each initially had a bent coordination geometry 
(0—Cu--N 158°). In minimisations with assignments other than Cul the structure 
became increasingly stressed as this angle was reduced. This indicated that these 
atoms were best considered with linear, albeit distorted, stereochemistries. They 
were assigned as FF-type Cul. 
CUL atoms (three-coordinate) were observed to be T-shaped in the starting 
model. This was a consequence of the N2 donor of the bta approaching from above 
onto a Cu atom whose existing linear arrangement of bonds was parallel with the 
surface. On the basis of the stereochemistries observed in §3.7.4 for three-coordinate 
Cu 1 atoms, these were treated with both Cu2 and Cu4 FF-types. 
r/3A2: Cuu atoms (two-coordinate) were observed to be severely bent (0—Cu--N 
100°), to the extent that 'distorted linear' stereochemistry was out of the question. 
These angles result as a direct consequence of them belonging to a pair of fused five-
membered {Cu2N 20} chelate rings. In a search of the CSD, no such feature was 
identified for any metal complex of a 1 ,2,3-triazole. This suggests that such a 
structure is implausible. 
Nonetheless, in order to provide a comprehensive assessment, the model was 
given similar consideration. The values of these angles at Cuu atoms implied that, 
were such a structure to exist, the coordination number of these Cu atoms must be 
higher than that indicated by the model in the existing state: this is too large a 
deviation from 180° for it to be considered as distorted linear coordination. This 
might be achieved by coordination of additional ligands, such as H 2 0, 01-F or bta (an 
example of such a strategy is presented for the i,i3B model, §3.8.5). Cu(J atoms were 
assigned with FF-type Cu2. 
CuL atoms (three-coordinate) were treated with alternative assignments as Cu2 
and Cu4, on the same basis as that described for i3A1. 
3.8.4.2 Results of Minimisations 
From the discussion of force field atom typing above, two alternative models 
emerged for each of the i 3A sites. In each case minimisations involved assignment 
Of CUL atoms as either Cu2 or Cu4. Models are therefore referred to as ifAl-Cu2, 
?73A1-Cu4, i 3A2-Cu2 and 173A2-Cu4 in the discussion below. The outcomes of each 
of these four minimisations are presented in Table 3-13. 
Table 3-13 	Results of CUFF minimisation of bta bound to cuprite (11 0) q3A1 and i 3A2 
sites. Each has been treated with two alternative force field atom type 
assignments for CUL atoms. 
LCuL FE-type (bound to N2) 
CU U FF-type (bound to Ni and N3) 
















M03: u/A 8.610 8.919 8.543 8.612 
Min3: WA 11.87 1198 11.89 1198 
I Min 3: 88.05 89.90 91.56 90.18 
Min3: A/A2 102.16 106.88 101.56 103.15 
RMS fit (M02: Mini) 0.3806 0.2022 0.2683 0.1630 
RMS fit (M03: Mini) 0.3970 0.2579 0.2913 0.1674 
bond (CuL,-Ni)/A(2 perbta) 1.916 1.904 1.989 1.902 
bond (CuL-N2)/A (1 per bta) 1.934 1.993 1.883 2.084 
bond (CuO)/A(2 perbta) 1.844 1.832 1.939 1.875 
bond (Gu L-O)/A (2 per bta) 









angle (N-GuL-0)/0 (2 per bta) 113.9 90.0 107.4 91.6 
angle (O-Cu L-O)I° (1 per bta) 132.1 180.0 145.2 176.8 
distance (Cu• . •Gu L )/A 2.938 3.049 2378 3.078 
distance (Cu u Gu u)/A 5.128 5.224 5.004 5.195 
H (N1)/0 (2 per bta) 21.6 18.8 26.6 19.4 
L\V (N1)/0 (2 per bta) 3.55 4.55 0.95 4.25 
AH (N2)/0 (1 per bta) 0,0 0.0 0.0 0.0 
v (N2)/° (1 per bta) 0.30 0.10 0.0 0.5 
Energies: 	While energies calculated in this way are only useful in comparison of 
models with identical connectivities, the values of Min3 energies indicate the relative 
strain present in models with different typing of CuL atoms. For both sites, this strain 
is lower when these atoms are treated as Cu4 (T-shaped) rather than Cu2 (trigonal). 
Cell dimensions: 	Changes occurring during the course of minimisations are 
acceptable in all cases, with the largest change in cell area being 4.2% for 173A1-Cu4 
(initial values were u = 8.516 A, v = 12.043 A, 0=900;  A = 102.56 A 2 ). 
RMS fits: These are provided for the Min3 structures relative both to the Mini 
and Min2 structures. Again, absolute values are less relevant than comparative 
values for each site. In each case, less deformation occurred to the model by 
assigning CUL atoms as CA than as Cu2. 
Geometry: Selected bond lengths and angles are shown for Cu atoms in the Min3 
structures. All Cu—N and Cu-0 bonds fall within the range 1.832 to 2.084 A and 
are unremarkable. All N—Cuu--O angles are greater than in the initial models (156° 
in 773A1, 1000  in 773A2) as they tended towards the natural angles set for the 
respective FF-types. The sums of angles around CuL atoms indicate planarity in all 
cases, with the coordination sphere tending towards T-shaped or trigonal depending 
on atom-type assignment. 
The resultant 1,2- and 1,3- bridged Cu . Cu distances fall within the respective 
ranges 2.778 to 3.078 A and 5.004 to 5.224 A. All of these values are significantly 
smaller than comparable values observed in the model complexes 3X1 and 3X8 (3.5). 
A search of the CSD was carried out to ascertain the spread of 1,2-bridged 
Cu ... Cu distances bound by five-membered aromatic N-heterocycles containing two 
or more N atoms. A similar search was performed for 1,3-bridging ligands. The 
queries used for these searches are shown in Fig. 3-20, in which X represents a C or 
N atom. Internuclear Cu... Cu distances were measured for all structures. The 
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The results of these searches indicate that mean Cu ... Cu distances for this type 
of ligand are 3.6 A and 5.9 A for 1,2- and 1,3-bridging arrangements, resp. The 
comparable results obtained in these surface models are substantially different from 
these average values and are in fact in all cases shorter than the shortest observation. 
These factors indicate that the proposed binding sites are unsuitably small to 
accommodate bta without more substantial lattice deformation. 
3.8.4.3 Other Parameters to Assess Coordination Geometry of Copper Complexes 
of Unsaturated N-heterocyclic Ligands 
The plausibility of models was also assessed by considering the orientation of the 
Cu—N vector relative to the azole ring using two parameters, AH and AV, which are 
defined in Fig. 3-23. Limits of these parameters for known copper complexes were 
obtained by analysis of the CSD. They can be used as a reliable means of assessing 
the binding models. 
The most efficient orbital overlap between Lewis base and Lewis acid occurs 
when the N--Cu vector lies in the plane of the five-membered aromatic ring and 
simultaneously bisects the angle XI—N--X4. This position of the Cu atom 
coincides with LH = iv = 00 .  In both cases, a deviation from zero indicates some 
degree of energy destabilisation, which increases as AH or AV increases. As with all 
geometrical deviations from ideal values, they indicate a thermodynamic compromise 
with other components in the system. 
Together these parameters provide a 3-D mapping of observed angles of 
N--Cu vectors relative to their ideal orientations. AH quantifies a deviation within 
the plane of the ring ('horizontal') and A V quantifies a deviation out of the plane 
('vertical'). They were calculated for each structure in the CSD containing the 
X = C, N 	Figure 3-23 Derivation of parameters AH & AV (all values in degrees). 
X  
x2-- 	 Al =angle(Xl-N-Cu) 
N--Cu A2 = angle (X4-N-Cu) 
Tl = torsion (X2-X1-N-Cu) 	AV = /2 (360- IT1I - T21) • 	











10 	 . 	U • • 
¶_•%' 	• U - 	• 
5 
U 	 • U 
- 0 	T - 
0 5 10 	15 	20 25 	30 	35 	40 45 	50 	55 
Plot Data X-axis Y-axis 
File=azole angles Mm =0.000 Mm 	=0.000 
Test=2 Max.=49.836 Max.=27.068 Figure 3-24 Tot.Obs=2312 Range--49.836 Range=27.068 
Obs.=2312 Mean=7.164 Mean=5.866 Scattergram of AH Supp.=O Mean SE=0.142 Mean SE=0.109 
Sample SD=6.852 Sample SD=5.238 plotted against As,. 
fragment defined in Fig. 3-23. The use of such a search fragment allowed 
compounds which are structurally related to benzotriazole to be included, thus 
improving the statistical spread of the results. A total of 2312 observations were 
recorded. 
These parameters were plotted against each other as a scattergram (Fig. 3-24). 
Each colour-coded pixel corresponds to a frequency of occurrences of the 
corresponding values. These are defined at the right hand side of the graph. 
The graph in Fig. 3-24 shows a fairly broad spread in each of these parameters 
(0 :!~ AH !~ 28°, 0 !~ Av ~:, 500).  They are in accordance with the general structural 
phenomenon that conformational deformations tend to be less energetically 
destabilising, and thus exhibit a broader spread, than bond angle deformations. 
However, both their mean and modal values are very much closer to zero 
(av. LH = 5.9°, av. Av = 7.2°). On the basis of these observations, it was asserted that 
values higher than 150  for one or both of these parameters should be taken to indicate 
significant strain in models. 
The values measured in the minimised structures of each of the i/A models are 












ideal in every case. Likewise, the values for Av at N I are in all cases well within the 
limits of stability. However, the in-plane geometries ofNl in each of the models are 
of serious concern (18.8 !!~ AH :!~ 26.60), with the worst case being r,3A2-Cu2. 
The N--Cu--O angles had been forced to unacceptably large values (! ~ 153°), 
apparently because the binding site is too constrictive to accommodate the ligand 
comfortably. This excessive strain implied for the r73A2 site is a further indication 
that the connection by N2 of a pair of fused five-membered chelate rings is probably 
not viable. The modelling has however been successful in confirming observations 
from crystal structures. 
3.8.5 Force Field Assessment of ifB Surface Model 
3.8.5.1 Preliminary Structural Analysis 
The analysis of known structures of complexes of unsaturated N-heterocycles 
supports the assertions made in §3.8.2 that the previously suggested  47  binding site on 
cuprite (1 10), the q3A sites, is too constricted to accommodate bta. On the basis of 
the hypothesis being scrutinised in this thesis, such a strained geometry would not 
provide an explanation for benzotriazole's stabilisation of lightly oxidised copper 
surfaces. 
An alternative triangular arrangement of Cu atoms on that same surface was 
defined in §3.8.2. This r73B  site has more separated Cu atoms (4.26 A, 4.26 A, 
6.02 A) than in the ifA  site, closer to the spacing of Cu atoms in model complexes 
3X1 and 3X8. As such they might offer a more plausible site for the r 3  attachment of 
bta. The position and orientation of this if B site on the cuprite (1 1 0) surface are 
shown in Fig. 3-17, highlighted with a green triangle. The initial, local geometry 
occurring in the model when a bta anion was bound to this site is plotted in Fig. 3-18. 
In Fig. 3-17, the pair of Cu u atoms that would be bound to bta nitrogen atoms 
Ni and N3 are shown in yellow. The CuL atom that would be bound to N2 is 
coloured pink. It is situated two layers down, 3.01 A ( d110) below the surface. 
Together these three Cu atoms form an isosceles triangle whose two-fold axis is 
normal to the surface. 
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For bta to access this site, the yellow Cu atom lying midway between the pair 
of Cuu atoms would have to be dissolved', along with the oxide anion to which it is 
attached. In each of the simulations performed, the bare periodic surface model was 
initially composed of stoichiometric CU20(). Since each bta anion replaced one 
[CuO] - unit, charge neutrality was maintained in all binding models. 
It can be deduced from Fig. 3-17 that the maximum achievable monolayer 
coverage at B sites is one molecule of bta per surface cell [if"B(/J)], of which the 
area is 25.64 A2 . This would result in each Cuu atom bridging two bta ligands, 
providing each such copper with a reasonably regular {N 20} coordination sphere. 
However, when this model was developed, it became apparent that the structure of 
this close-packed surface complex was significantly strained. The reasons for this 
were not obvious from analyses of Cu •Cu spacings alone, which themselves seemed 
satisfactory. To try to identify the intrinsic source of strain, the density of 
benzotriazole was reduced so that fractions of monolayer coverage could be 
considered. Simulations of one half [173B (/ 2)] and one quarter [773B(11 ] of a 
monolayer allowed assessment of the substructure of the binding site in the absence 
of steric effects from ligand-ligand interactions. 
3.8.5.2 Assessment of Binding Structure in Quarter Monolayer Model 
As in the case of the 773A models, 2-D periodic treatment was achieved for 
submonolayer coverage by creating a periodic (2 x 2) superstructure from the original 
lattice (new lattice parameters u = 8.52 A, v = 12.04 A). A single bta was then 
attached to one of four 7 3B sites in an approximate geometry for r 
3  binding, and 
appropriate Cu—N bonds defined. This model is shown in Fig. 3-25. All models 
were treated as described in §3.8.3. 
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5A 2x2) Figure 3-25 
model: 
iix cells of the 
2 x 2 ) 
superstructure of 
cuprite (11 0) 
surface. One bta 
ligand is bound to 
each cell at the t 3B 
site, resulting in OflE 
quarter of a 
monolayer. This is 





for binding a 
second ligand. The 
colour key is the 
same as defined in 
Fig. 3-16 (layers of 
Cu atoms from top: 
yellow, orange, 
nk, magenta). 
Whereas complete monolayer coverage satisfied all Cu u atoms with three-
coordinate environments, quarter coverage resulted in two-coordinate environments 
for all CUL and Cu u atoms. Each was bonded to one oxide anion in the cuprite lattice 
and one N atom of bta. CUL atoms could be described as 'distorted linear' 
(N2—CuL--O 158.6°) and were atom typed as Cul. In contrast, the bond angles at 
the Cuu atoms (0—Cu11--N1 101.9°) were too far from 180° to justify typing as 
Cul. Attempting to minimise the model with such an assignment lead to a very 
implausible structure (sum of angles at NI = 336.4°; AH = 10.3°; Lv = 5 1.6'). 
These atoms had to be treated with a FF-type whose natural angle is much less 
than 180° and, by implication, whose coordination number is greater than two. This 
inferred that the current state of the model was incomplete and that at least one more 
donor was needed by each Cuu atom to make the model realistic. 
However, the aim of developing models with low coverage was not to ascertain 
the realism of such structures but to assess the local geometry of the bound 
substructure. Only if that was satisfactory could the substructure be considered as a 
subset of some, as yet undefined, interfacial complex. It was proposed to remain 
all 
uncommitted about the possible origin of such donor atoms, whilst being fully 
explicit about the definition of FF-types for those Cu atoms. 
To explore this proposition, the 13B(I 4)  model was augmented by attaching a 
terminal water molecule to each benzotriazole-bound Cu b atom, completing a 
pseudo-trigonal environment which was typed as Cu2. For steric reasons, adding 
these waters required the simultaneous deletion of some terminal surface Cu atoms. 
The model was minimised in a Min3 procedure. After this, the water molecules were 
deleted and the minimisation repeated. 
Analysis of the structures from the two minimisations indicated that the 
positions of atoms common to the two were almost identical, with an RMS fit of 
0.1137. The common angle at Cuu changed by less than 5°. This showed that the 
CUFF treatment of the local substructure of the bta and the Cu atoms to which it was 
attached was essentially independent of the coordination number of those Cu atoms, 
but did require explicit definition of FF-types. As such, the natural angle of the FF-
type Cu2 was achieved no matter whether the Cu atom was bound to two or three 
donors. 
This reinforces the observation that the force field methodology is dependent 
primarily on atom type assignment and not on coordination number per Se. As long 
as one is explicit about the atom type being used, the local binding geometry of the 
organic can be ascertained, in the first instance, without complete definition of 
coordination spheres. Conversely, where the minimisation of a structure leads to a 
stable bond angle of around 120° for a two-coordinate copper, it should not be 
assumed that such a geometry is implausible, but that the copper requires an 
additional donor. 
3.8.5.3 Force Field Minimisation of Quarter Monolayer Model 
In order to explore the possible stereochemistries of Cuu atoms, they were treated 
with assignments as Cu2, CA and CA. In each case, the very bent two-coordinate 
environment was taken to imply a vacant third coordination site, as has already been 
discussed. Three different simulations were carried out for (2 x 2) superstructure 
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described above, in which the only difference was the atom type assignment of Cuu 
atoms. The three models, with assignments as Cu2, CO and Cu4 for Cuu atoms, were 
minimised with CUFF. The values achieved for the bond angle O—Cu,—N 1 were 
121.5°, 111.7° and 93.8°, resp. These were in line with the natural angles set for 
those atom types. The RMS fits of the Mini : Min3 structures for each of these 
models were 0.32 17, 0.3257 and 0.2906. 
The similarity of these values indicated that the degree of change brought about 
to each model was broadly similar. Further analysis of the structures led to the same 
overall conclusion about the geometrical plausibility of the substructure. The 
assumption continues to be made that the Cuu atoms, which in each case feature two-
coordinate environments, would require an additional donor to complete a plausible 
coordination environment. One of these will be discussed more fully. 
Results of the minimisation of the 173B ( / 4) model, with assignment of Cuu 
atoms as Cu2, are presented in Table 3-14 (also provided in that table are results from 
simulations at half and full monolayer coverage, which will be discussed in due 
course). Analysis of the geometry indicates that a plausible binding substructure was 
achieved: 
The area of the surface cell changed by only 2%, indicative of minimal 
change of the underlying lattice and of negligible strain being imposed by the 
binding of the ligand. 
Bond distances and angles are all within reasonable limits. 
The 1,2- and 1,3-bridged Cu ... Cu distances are 3.43 A and 5.71 A, resp. 
Comparison with the distributions shown in Figs. 3-21 and 3-22 indicates 
excellent agreement with typical values measured in crystal structure analyses 
of relevant polynuclear coordination complexes. They are within 5% of 
analogous Cu• . •Cu spacings observed in the pentanuclear copper-bta model 
complexes 3X1 and 3X8. 
The reasonably low values of e- and /v (in comparison with the distribution 
shown in Fig. 3-24) indicate that the coordination geometries around each of 
the N atoms of the ligand are well within the boundaries of stability. 
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Table 3-14 	Results from CUFF minimisation of bta bound to cuprite (ii 0) 173B site. 
Increasing levels of surface coverage are shown (two alternatives existed 
for half coverage). Identical force field atom typing was used throughout. 




 77 B(l,2) 
3 
q B(ill) 
CUL FE-type (1 per bta) Cul Cull Gui Cull 
Cuu FE-type (2 per bta) Cu2 Cu2 I 	Cu2 Cu2 
LSuperstructure description (2 x 2) (2 x 2) (2 x 2) (1 x 1) 
No. of bta per surface cell 1 2 2 1 
Overall B-site occupancy 0.25 0.50 0.50 1.00 
Surface cell formula 
(molecular) 
[Cu(Cu 20) 15 
 (bta)] 
[Cu 2(Gu 20) 14 
(bta)2 1 
[Gu 2 (Cu 20) 14 
(bta) 2 1 
[Cu(Cu 20)3 
(bta)] 
Surface cell formula 
(empirical) 
C6 H4 N 3  
0 15Gu 31  
I 	G 12 H 8 N 6 
0 14Gu 
G 12 H 3 N 6 
0 14Gu 
C5 H 4 N 3 
03Cu 7 
Min3: u/A 8.410 8.544 8.509 3.884 
Min3: v/A 11.95 11.69 11.66 5.774 
Min3: 1° 90.00 90.00 89.99 89.71 
Min3: A/A2 100.5 99.86 99.19 - 	 22.43 
Min3: Area per _bta/A2 100.5 49.93 49.60 22.43 
No. of atoms for RMS fit 59 70 70 	 23 
RMS fit (Min2: Mini)  0.3118 0.3854 0.4050 	1 	0.4803 
RMS fit (Min3: Mini) 0.3217 0.4077 0.6670 0.4657 
bond (Gu-N1)/A (2 per bta) 1.950 1.952 2.006(3) 2.051(6) 
bond (CuL-N2)/A (1 per bta) 1.947 1.947 1.946(3) 1.944 
bond (Cu L,-0)/A(2 perbta) 1.884 1.884 1.880 1.886 
bond (GuL-O)/A (1 per bta) 1.868 1.868 1.867(2) 1.864 
angle (N-Cu.,-0)1* (2 per bta) 121.5 121.1 114.7(4) 113.2(8) 
angle (N-CuL-O)/ ° (1 per bta) 173.5 173.3 173.0(12) 174.5 
angle (N-Gu-N)I° (1 per bta) 









distance (Gu u •• •Gu)/A 5.712 5.726 5.828(13) 5.774 
LH (Ni)!° (2 per bta)  6.25 6.35  
Av (N i)!° (2 per bta) 	 9.4 7.3 7(3) 35(7) 
AH (N2)/° (1 per bta) 	 0 0 0 0.35 
Av (N2)/° (1 per bta) 	 3.5[4.55 17(4) 5.6 
The results of this force field assessment establish that the 173B binding site 
may be a plausible location at which to bind the bta anion. They suggest that the 
deformation required by the uppermost layers of the cuprite lattice may be within the 
limits of feasibility, since a stable binding geometry for bta has been modelled in 
conjunction with a stable cuprite under-structure. These deformations are not 
negligible, with 1,2-bridged Cu Cu distances shortening by 0.8 A, but have been 
absorbed by the lattice in this simulation. 
This suggests that the geometrical pattern of Cu atoms observed in the 773B site 
on the cuprite (1 1 0) surface are reasonably well matched with those observed in 
polynuclear model complexes involving bta bound in the T1 bridging mode. The 
simulations demonstrate that the extent of this 'pattern match' is substantially better 
for the 13B site than for the i;z3A site in either of its forms. 
3.8.5.4 Examination of Intermolecular Relationships in Half Monolayer Model 
It has now been established that a satisfactory 'pattern match' exists between the 
triplet of Cu atoms in polynuclear ri 3 -bta model complexes and those at the q3  site 
of the cuprite (1 1 0) surface. Also emerging from this assessment is a fairly 
convincing indication of the resultant stereochemistries of the Cu atoms involved. 
The model indicates that the Cu atom bound to N2 would be linear, with an {NO} 
coordination sphere. The angle at the CULL atom between N  and the 0 atom in the 
cuprite is substantially less than 180°, ruling out a linear environment. For a Cu' 
atom, this infers a coordination number of either three or four. To assess whether or 
not binding at the i 3B site is relevant to the mechanism of protection of copper, the 
substructure which had been developed in the quarter monolayer model now had to 
be tested for its ability to be integrated into a complete surface complex 
The first step was to add to the 173B(114) model by docking a second molecule of 
bta to produce a half monolayer. Five vacant 173B sites were identified on the 773B (1 4) 
model which would each result in a different l7 3B (1 ,12) structure. These are indicated 
in Fig. 3-25 by the coloured arrows which point to the pair of Cu u atoms to be 
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bridged by the prospective bta anion. It can be seen that they all run parallel with one 
another in the v direction. 
Only one of these positions (that indicated by the green arrow) would result in 
the bridging of adjacent sites with bta groups. The Cuj atoms already bound to bta in 
the 713B(j4)  formation would also be bound to the second bta. This would give them 
an {N 20} environment, conveniently solving the problem of their coordinative 
unsaturation in the q3B(/ model. This model is termed 773B(112). 
Formation of half-coverage models by binding the second bta group to any one 
of the other four sites would result in all bta groups having a similar binding 
substructure to those in the 773B(/.,) model. This does not approach the problem of 
coordinative unsaturation of Cu u atoms. It does, however, probe the plausibility of 
achieving this level of coverage. Only one of these possibilities has been chosen for 
discussion. It is the site at the centre of those occupied in the 113B(114) model, namely 
that indicated by the blue arrow in Fig. 3-15. This model is termed 773B(/2).. 
3.8.5.5 Force Field Minimisation of Half Monolayer Model 
Each of the two 173B(12) models was treated with the same minimisation scheme as 
before. The results of these simulations are contained in Table 3-14. For cases in 
which similar parameters occur more than once in a model, the value of a is quoted 
in brackets. Plots of each of the 773B(1 2)  models are given in Fig. 3-26, showing ball-
and-stick connectivities as well as vdW radii. 
Results of the Min3 simulation of the 173B(112) model compare very closely with 
those of the 773B (//4) model. The RMS fits are a little higher, a consequence of the 
greater number of atoms being matched. The geometry of the binding substructure is 
plausible, just like that of the T73B ( 1. 4) model. It does not appear to have been affected 
by this higher level of packing. This implies that no significant intermolecular 
interactions between bta groups of either a repulsive or attractive nature exist within 
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The chemical composition of the 7?B(12)Y  model is exactly the same as that of 
the 1?B(1,2)x  model. This enables the values of RMS fits to be compared, since the 
same 70 atoms appear in each surface cell. It can seen from the respective values that 
more changes occurred in the progress of minimising the 7fB(11  model than 
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occurred in minimising the 773  B(,,.,2), model. 	This indicates the existence of 
intermolecular interactions between bta groups. Bond lengths and angles are within 
acceptable limits. Bridged Cu- -Cu distances are in slightly better agreement with 
analogous values from cuprite itself, and are perfectly plausible on the basis of 
comparison with the distributions shown in Fig. 3-21 and Fig. 3-22. However the 
structure contains substantial strain because although the geometry around Cu L and 
CUL atoms are satisfactory (distorted trigonal and linear, resp.), their interactions with 
bta ligands are not. CuL deviates from the molecular plane of the coordinating ligand 
by up to 0.7 A, as implied by the value of 17(4)° for Av(N2). The large o• 
accompanying this parameter is a consequence of individual values of 130 and 210 
for the two independent groups. 
It is clear that the addition of a second bta group to the 773B (J form to generate 
the 773B (/2) form compromises the plausibility of the model. The simulation of the 
q3B (I/2)x structure, which has the same overall packing efficiency, demonstrates that 
this deterioration in structural stability is not due to the greater packing density in 
itself. 
It can be seen from Fig. 3-26 (yl) that bta ligands occupying adjacent 1 3B sites 
along the direction of the v axis are not coplanar. The angle between the molecular 
planes of adjacent groups is 40°. This would appear to be due to steric repulsion 
between neighbouring ligands as shown in the plot of vdW radii Fig. 3-26 (Y2). This 
arises from the proximity of hydrogen atoms H5 and H8 (highlighted with blue 
arrows), which were measured to be 2.25 A apart. This contact is rather close. 
Intermolecular H..- H distances are generally observed in the CSD to be greater than 
—2.4 A (vdW radius of hydrogen is 1.2 A). The plot shows that, even although there 
is unoccupied space between the rows in the u direction, the specific binding 
interaction proposed in this model would result in significant inter-ligand repulsion. 
This is the basis for the strained geometry inferred by zv(N2) (see Table 3-14). 
Even although this binding mode leads to a satisfactory stereochemistry for the 
Cuu atoms and results in plausible 1,2- and 1,3-bridged Cu -- Cu distances, it is 
unsatisfactory as a result of the strain incurred when adjacent collinear sites were 
occupied with Cuu atoms linking two bta ligands through N  and N3. 
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Some simple model fragments 
were constructed to assess the 
geometric feasibility of a Cu' atom 
bridging two bta ligands through N  
and N3 (Fig. 3-27), and which 
might still enable bta to address a 
surface in an Tj 3  mode. Each of the 
models was based on the following 
criteria: 
i. All atoms are coplanar. 
All bond geometries are regular. 
The molecular dipoles of the 
individual bta anions are 
orientated in approximately the 
same directions, to generate the 
cis rather than the trans form of 
the Cu' complex. 
It seems that there is no intrinsic structural problem in forming a bridged 
[Cu(bta)2] unit. The models drawn in Fig. 3-27 are not FF simulations but simply 
sketches drawn to scale to allow approximate measurements to be taken. All bta 
molecules are idealised and all atoms lie within the plane of the page. All Cu--N 
bonds are 2 A and in each case bisect the external N—N--C angle. The N—Cu—N 
angle is i80°inl and i2O°in2 and 3. 
Fig. 3-27(1) confirms that a planar fragment with a linear Cu atom is feasible, 
with the closest intermolecular interaction 2.9 A (H5. . .H8). A trigonal Cu atom (2), 
which increases this separation to over 5 A, may also be plausible within a planar 
structure. The model was augmented by attaching an oxygen atom to the Cu atom in 
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the idealised position of the vacant coordination site, at a distance of 2 A. This 
resulted in a pair of similar 0•••H5 distances of 2.7 A, which is perfectly plausible. 
A deficiency of models 1 and 2 in relation to surface binding is that they do not 
allow the nitrogen atoms of the bta units to align in an approximately linear array to 
form a polymeric complex parallel to the surface. While 3 is nearer to achieving this, 
it is wholly unrealistic. It can be seen that the positions of H5 and H8 atoms on 
adjacent ligands almost coincide. Comparison with the surface model 3B(12)) [Fig. 
3-26 (yl)] shows that the same basic motif is present, in which the third coordination 
site is occupied by a lattice 0 atom beneath. It can be seen clearly from Fig. 3-27 (3) 
that substantial torsional rotation about each of the Cu—N bonds is necessary to 
reduce the proximity of the aromatic protons. This accounts for the alternating 
orientations, with respect to the surface normal, of the molecular dipoles of 
neighbouring ligands. Unfortunately, these torsional rotations are accompanied by a 
proportional increase in Av(N2), to the detriment of the model. 
These considerations have identified a specific point at which the 773B (/ ,2) 
surface model breaks down. The excessive strain implied in the structure of the half 
monolayer probably excludes any possibility of being able to identify a stable model 
for the full monolayer. This was nonetheless offered some consideration, to ensure 
that such an assumption was correct. 
3.8.5.6 Force Field Minimisation of Full Monolayer Model 
The 773B(, 2) model on the (2 x 2) supercell had already been established to be 
implausible, primarily due to the unfavourable intermolecular contacts between bta 
units along the v axis in Fig. 3-26 leading to alternating orientations of bta head 
groups in adjacent ligands. To constrain against this phenomenon, the full monolayer 
model was set up on the (I x 1) surface cell instead. With its one unique q 3B site, 
binding of a single molecule resulted in formation of a full monolayer. Although 
reducing the available degrees of freedom of the system was likely to strain the 
model further, the translational repetition imposed by the lattice would dictate that all 
1 igands assumed identical orientations. 
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A molecule of bta was bound to the 77B site on the (1 x 1) surface cell. The 
model was treated exactly as in previous simulations, with a three-part minimisation 
scheme. The results of this simulation are presented in Table 3-14. The Min3 
structure is shown in Fig. 3-28, as both the ball-and-stick connectivity (1) and the 
vdW space filling interpretation (2). 
The bond distances and angles given in Table 3-14 once again show that the 
force field was successful in its treatment of 1,2- and 1,3-bond terms. They are in all 
cases similar to the parameters obtained in the quarter and half coverage simulations. 
The 1,2- and 1,3-bridged Cu ... Cu distances are similar to those found in the 
pentanuclear complexes 5X1 and 5X8. It is presumably the requirement to achieve 
these by reduction of slightly longer spans in the cuprite lattice that would account 
for the 12% reduction in area of the surface cell. 
The more demanding lattice constraints have indeed resulted in a substructure 
that is very different from any of those obtained for submonolayer coverage of the 
(2 x 2) supercell. The figures show that all of the molecules are now aligned parallel 
to one another, with their molecular axes virtually coincidental with the direction of 
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the surface normal. Although it is the lattice that dictates they be aligned, it is the 
high packing density which is responsible for the coincidence of their molecular axes 
with the surface normal. This achieves an almost ideally close-packed arrangement, 
with attractive r-r interactions implied by C . .0 distances of 3.5 A perpendicular to 
the plane of six-membered rings. The closest H ... H distances are 2.3 A, indicating 
that this packing density is close to the maximum achievable for a monolayer of this 
molecule, irrespective of the particular surface. 
Even although this packing efficiency itself is convincing, the binding 
interactions are even more strained than those identified in the 173B (/ 2) model. The 
value for Av(N2) is better than for that half-coverage model, due to the alignment of 
ligands towards the surface normal. However, with a value of 35(7)° for Av(Nl), the 
Cuu atoms lie 1.3 A away from the plane of the ligand. The extent of structural 
strain implied by this unlikely coordination geometry makes this a poor model in 
attempting to account for such favourable surface binding thermodynamics. 
3.8.5.7 Conclusions for the Plausibility of [3. 11]] Models 
It must be concluded that the surface activity of benzotriazole on copper is unlikely 
to be a consequence of the formation of any of the r 3  binding models discussed here, 
without more significant expansion or other reorganisation of the cuprite lattice. In 
each of the models significant strain will be associated with bta binding 
simultaneously to three copper atoms. Extending the models to allow for increasing 
coordination numbers of Cuu atoms and in relaxing the sublattice may ameliorate the 
basic problem that sites are too small in cuprite to account for the surface activity of 
benzotriazole arising from the formation of an r 3  complex. Other modes of 
attachment must be considered. 
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3.9 Other Candidates for Model Complexes 
The principal hypothesis scrutinised thus far is whether a stable, commensurate 
71 3-bta surface complex can be simulated on an appropriate copper oxide surface 
(assuming 'stable' to infer a compliance with fundamental chemical norms and 
relevant structural observations). The series of simulations discussed in §3.8 indicate 
severe structural inadequacies in the conception of a stable 11 3 -bta surface complex on 
the (1 1 0) surface of cuprite and tend to refute that hypothesis. 
That refutation does not necessarily rule out that it is benzotriazole's propensity 
for trinucleation which is the underlying basis for its pronounced surface effects on 
copper. However, if an i 3-bta surface complex does exist, it is unlikely to be 
represented by any of the models explored thus far, and is probably not based on any 
of the surfaces considered here. 
The CSD was explored for other structural motifs which might lead to 
plausible models for a stable cuprous-bta surface complex. Although no crystal 
structures were found for Cu(bta) or Cu(bta) 2 , the search identified several types of 
metal-ligand and ligand-ligand interactions which could contribute to high stability of 
a surface complex. Since structures are known for only a few complexes containing 
both copper and benzotriazole, the search took into account all metal complexes with 
a 1,2,3-triazole ligand. They provide a valuable insight into the coordination 
preferences of the 1 ,2,3-triazo head group. 
The database contains structures of around sixty metal complexes with 1,2,3-
triazoles. These are summarised in Fig. 3-30. Two sets were retrieved, based on the 
search queries defined in Fig. 3-29. These distinguished between formally neutral 
and formally anionic triazo head groups. The terms neutral and anionic here refer to 
the triazo group rather than the ligand as a whole, since some ligands feature 
substitution with additional charged functional ities. 
The searches identified a wide range of structures incorporating an array of 
binding motifs. A large number of alkali, 3d, 4d and 5d metals are present in formal 
oxidation states ranging from zero to three, bound to one, two or three of the triazole 
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N atoms. Organometallic complexes were deemed to have little relevance to the 
aqueous copper surface complex. In this catalogue of crystal structures, particular 
attention was paid to those with metals in the +1 oxidation state since they might 
provide some indication of viable structures for Cu(bta). 
Figure 3-29 	Definition of queries used to search the CSD for complexes with ligands 












All ring atoms sp2 hybridised. 
M = any metal. 
X = C or H. 
N1-N3 form no other 
bonds with a non-metal. 
'/WVVV represents a variable 
point of attachment'. i.e. at 
least one of those N atoms 
forms a coordinate bond with 
a metal, M. 
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Figure 3-30 	Coordination modes observed for neutral and anionic 1,2,3-triazole head 
groups in the CSD, binding to any metal, M. For neutral groups, X = C or H. 
Mode Frequency Metals 
M —N 	 N —M 	
[3.111] 	Anionic 	Li' K' Ni" 




[2.011] 	Anionic 	Ni" Cu" Mo' 





[2.101] 	Anionic 	Cu" Zn" Rh' 
/7 11 % 4 
M 	N N 	M 	 Neutral 
0 
Anionic 	Zn  Cd" [1.001] 	
10 Os" Ir' Hg" 
(X—)N 	 N 	M 
Neutral 	Mn" Fe" Co" 
19 Ni" Cu" Zn" 
Rh' Ag' Cd" 
Hg" 
/?\ 	 [1.010] 	Anionic 	Fe" Co" Cu" 
4 Rh" 
N 
Neutral 	FeO Cu ll Moll 
I 	 4 Os" 
110 
3.9.1 Complexes with 1,2,3-Triazoles in 13.1111 Binding Mode 
The pentanuclear copper complex (3X1) suggested previously as a possible model for 
the 113  interaction of bta on cuprite was shown in §3.8 to be a rather unsatisfactory 
model. This was not least because the five- and six-coordinate Cu ll  stereochemistries 
were incompatible with those of Cu' atoms on the cuprite surface. Attempting to 
model it on a tenorite surface would be more rational, but doing so would defy the 
evidence which suggests that cuprous species are more important than cupric. The 
mixed-valence pentanuclear complex (3X8) still involves N atoms bound to a six-
coordinate copper centre. Its air-sensitivity would make it a dubious model for a 
corroding metal surface. 3X1 and 3X8 share similar copper-nitrogen geometries. 
Apart from these, five Tj 3  1,2,3-triazole metal complexes are known. Metals are 
in the +1 and +2 oxidation states and the triazole is bta in all but one structure. The 
complexes with nickel(II), thallium(I) and lithium(I) are of particular interest. 
The nickel complex7 ' [Ni5( i3 -OH)(1 3-bta)5(H20)4(acac)4].4Me2CO•0 .5C 6H,4 
3X19 is shown in Fig. 3-31. The structure of the pentanuclear core bears resemblance 
to that of 3X1, with the metals still forming a (more) distorted centred tetrahedron and 
bridged by T1 3 -bta ligands. The central metal site is now a much better octahedron, 
with all bond lengths in the range 
2.04 to 2.07 A. Each of the four 
peripheral metal sites, which are 
five-coordinate SBP in 3X1, are here 
octahedral, with the extra donor in 
each case provided by a terminal 
water molecule. These additional 
moieties, which form hydrogen 
bonds with acac groups, cause 
sufficient changes in the size of the 
core to result in one of the six edges 
of the {Ni4} tetrahedron to be 




Even though the syntheses of 3X1 and 3X19 employ alternative solvent systems, 
the differences in the Cu" and Ni l' structures illustrate fundamental aspects of 
polynuclear complex stability. They serve as a reminder that structures result from a 
subtle interplay between electrostatic, coordination and stereochemical requirements 
of all of the Lewis acids and bases involved. In this instance the polynuclear core is 
adjustable through the involvement of H 20 and Off ligands, depending on the 
stereochemical requirements of the metal. Although in this instance the relevant 
species are all M11, the phenomena may be relevant to complex formation at any 
hydrated metal oxide surface. 
The polymer [{ Tl(bta) } J 3X20 has been cited 72  in the literature as an analogue 
to a potential [{Cu(bta)}] complex and to the corrosion protection of copper by 
Hbta. The protection in this explanation is provided by the highly insoluble 
polymeric [{Cu(bta)}] complex. The polymer consists of chains whose axes are 
based on a zig-zag motif. Three-coordinate TI atoms are located centrally in this zig-
zag and are sheathed by il 3-bta ligands. Each Ti atom is bound to three bta ligands 
and each bta to three 11 atoms. Alternative views of the chain are given in Fig. 3-32. 
Derived values of AH and Av are given in Table 3-15. The large figures for Av 
at each N atom shows that the metal atoms lie substantially off of the plane of the 
ligands to which they are attached. This geometry appears to be rather more distorted 
Figure 3-32 
Eight asymmetric units 
of the polymeric TI' 
complex 3X20 (TI 
atoms shown in yellow). 
View along b axis 




View along a axis 
shows the 
pyramidal TI atoms 
(N-TI-N 86.5 to 
93°). 
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than is typical for copper complexes (see Fig. 3-24). 
Fig. 3-27(3) shows that a binding motif of this sort does not permit a planar 
three-coordinate metal stereochemistry. The Ti geometry is far from flat, with the 
sum of the three N—Tl----N angles 266.8°. There seems to be no fourth contact at the 
apex of the pyramid (the next closest atom is another TI at 4.06 A). 
Table 3-15 
	
Values of AH and Av derived for crystal structures 3X20 and 3X21 
3X20 3X21 
Ni 	N2 	N3 - Ni 	N2 
1.8 	17.5 1.1 1.8 1.4 
39.9 	18.9 	28.9 12.8 	4.7 
If a related Cu' structure could exist, it would almost certainly not exhibit a 
trigonal or even distorted three-coordinate metal stereochemistry. The pyramidal 
metal could be replaced by a four-coordinate, tetrahedral stereochemistry, with the 
coordination of a fourth donor in the apical position of the trigonal pyramid. Such a 
ligand would need to be uncharged to conserve overall charge-neutrality. 
This is the scenario identified in the lithium complex 71  [{Li(bta)(DMSO)}] 
3X21 (DMSO = dimethyl sulfoxide). The polymeric M'-bta binding motif is identical 
to that of 3X20 and the fourth coordination site is occupied by the 0 atom of a DMSO 










regular than in the thallium structure (Li--O 1.94 A, Li—N 2.06, 2.08 & 2.09 A, 
N—Li--0 103.7 to 112.4 0, N—Li--N 104.2 to 115.7°). The magnitudes of tH and 
v (also given in Table 3-15) are much smaller than respective values for 3X20. 
Structurally, this could be an excellent potential model for a crystalline 
hydrated cuprous benzotriazolate complex. Substitution of Li' sites by Cu' sites and 
of DMSO sites by H20 sites would result in the complex [{Cu(bta)(H20)}]. The 
stereochemistry of the metal centre is well suited to Cu'. As indicated in Fig. 3-24 
the values for AH and Av are well within stable limits for copper. 
This was verified by CUFF treatment of the crystal structure obtained from the 
CSD, after substitution as described above. With the Cu atoms typed as Cu3 very 
little distortion occurred, although lattice parameters contracted slightly due to the 
smaller size of 1-120 ligands over DMSO. If such a structure was to occur, any voids 
in the lattice would presumably be filled by solvated water. 
This is potentially a very good structural model, better than 3X20, for the 
interaction of bta with Cu'. But however desirable from a structural perspective, the 
model cannot be justified from a simple chemical standpoint. Water is not a good 
terminal ligand for Cu', a fact verified by the total absence in the CSD of a four-
coordinate cuprous centre coordinating with a terminal H 20 molecule. This factor 
somewhat weakens the feasibility of the suggested [{Cu(bta)(H 20)11 crystal 
structure. 
Although a hypothetical cuprous crystal structure of this nature might not be 
valid, the zig-zag linkages are very like those existing in some of the surface binding 
models presented in §3.8 (173B(12)y). This raises important issues for the possible 
structure of an r13-bta  surface complex. Furthermore, it may have repercussions for 
the strategy employed in §3.8 for the simulation of such an il structure. 
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3.9.2 Complexes with 1,2,3-Triazoles in 12.0111 Binding Mode 
This binding mode is really only important for the anion, since the only structure 
containing the neutral ligand is organometallic. Of the five structures illustrating this 
interaction, one of them may be crucially important in identifying a stabilising 
interaction relevant to the aqueous surface complex. It was introduced in §3.7.2 but 
was not discussed at that point. 
The Cu 11 complex [{Cu(bta)2(H2O)}] 3X18 is a chain polymer with Cu ll  atoms 
spaced at 3.44 A along the centre. Although they alternate a little either side of the 
central axis they are almost collinear (Cu.. Cu Cu 168.9°). Each successive pair of 
Cu atoms is bridged by a water molecule to form a zig-zagged copper-oxygen 
backbone (0—Cu 2.48 A, O—Cu--O 172.3 0 , Cu—O—Cu 88.0°). In addition to the 
-H2O between each pair of Cu atoms are a pair of bridging [2.O a l I  bta ligands. 
The crystal structure which was retrieved from the CSD contained rather poor 
positions for the aromatic H atoms and no coordinates at all for protons on the 
ligating water molecules. The structure was imported into CERIUS2 and the 
aromatic proton positions idealised. Hydrogens were placed on the 0 atom of the 
water molecule so that its molecular plane was perpendicular to the (Cu--O--Cu)  
unit of which it formed part. The H—O--H angle was set at 109° and the 0—H 
distance set at 0.85 A. This structure will continue to be referred to as 3X18. 
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Two views of a section of the polymeric chain (eight asymmetric units) are 
shown in Fig. 3-33. The copper-oxygen backbone, which is almost flat, is in the 
plane of the paper in the first diagram and perpendicular to the plane of the paper in 
the second. For each {Cu20} fragment, the pair of bta ligands which bridge it do so 
on the opposite side of the central axis to the water molecule. One of them is above 
the plane of the backbone and the other is below it. The overall result is to furnish 
each Cu atom with a {(N4)eq(O2)} distorted octahedral coordination environment. 
Neighbouring octahedra have a shared axial vertex (H 2O ligand) and a pair of 
equatorial bridges (bta ligands) (Fig. 3-34). 
The third N atom of the bta ligand does not interact with Cu atoms. It forms a 
hydrogen bond with the bridging water molecule (0.. N3 2.94 A). Each water 
molecule participates in two hydrogen bonds, one above and one below the CuO) 
plane. Although the donor-acceptor distance indicates a reasonably strong contact, 
the hydrogen bonds exist despite a less than ideal geometry (0—H.. N3 115.9°). 
The H atom of the hydrogen bond lies almost 1 A away from the plane of the bta 
ligand with which it interacts. 
The values for AH and Av at each of the N atoms are given in Table 3-16. 
Figures calculated for N3 are for the hydrogen bond (using the position of the H 
atom) rather than for a coordinate bond. They show that whereas the N--Cu vector 
of the two coordinate bonds are almost coincidental with the external bisectors of the 
C—NI—N2 and N1—N2—N3 angles, the N . •H vector of the hydrogen bond is a 
long way off the external bisector of the N2—N3--C angle. This is in accordance 
with the observation that hydrogen bonds are, in general, less energetically stabilising 
and less directionally demanding than coordinate bonds. 
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Table 3-16 	Values of AH  and Av for 3X18. 
Ni 	N2 	N3 
5.5 	1.4 276 
7.1 	5.1 	33.9 
This crystal structure suggests that a non-coordinating N atom may show a propensity 
to act as hydrogen bond acceptor. This could be of importance in accounting for the 
efficacy of benzotriazole as a surface ligand for copper. 
3.9.3 Complexes with 1,2,3-Triazoles in 12.1011 Binding Mode 
Four of these crystal structures are indicated in Fig. 3-30. They all involve the 
coordinated triazoles in a deprotonated state. Two of the structures are related 74 
dinuclear Rh' complexes having a bridging 4,5-dicarboxytriazolate trianion. As well 
as the triazolate head group bridging the pair of metals through NI and N3, each of 
the carboxylates attached to C4 and C5 bind to one of the metals though an 0 atom. 
This forms a five-membered chelate ring at each metal. The significant participation 
of the carboxylate substituents limits the relevance of these structures to the current 
investigation. 
The triazolate in each of the M" complexes is bta. The Cu" complex 
[(Cu2(bta)(mima)2)(NO3)2] 3X1 4 [mima = tris(N-methylbenzimidazol-2-yl-methyl-
amine)] is presented in §3.7 (Table 3-9, Fig. 3-15). As seen from the plot of the 
molecular structure of the trication (Fig. 3-35), the two amines engulf the Cu" 
centres. Although neutral, they are each able to donate via four lone pairs on the 
amine and imidazole N atoms. The function of the single bta anion is to bridge these 
two chelated [Cu(mirna)] 2 units (Cu Cu 5.54 A, A,, = 10.8 ° , AV = 14 . 1 0 ) 
Although the triazole is as important as the amines to the overall stability of the 
dinuclear fragment, the process of complex formation would seem to have been 
dominated by the chelating groups. To relate such a structure to our Cu surface 
modelling, it is anticipated that the presence of these ligands in a solution in contact 
117 
with the metal would be detrimental to surface stability. Their capacity to chelate and 
stabilise Cu"() species could encourage dissolution of bulk Cu metal and promote 
corrosion. Again, the structure has only limited relevance to the current study. 
The molecular structure exhibits a good example of interactions between the it 
systems of adjacent aromatic rings. Two benzimidazole substituents, one from each 
amine, pair together at the opposite side of the Cu • Cu vector from the bta bridge. 
This is evident from Fig. 3-35 (bottom-centre). Even with the 3-Me substitution of 
benzimidazole rings, which might have been a source of steric repulsion, the 
geometry is indicative of a stable pairing. The two benzimidazole groups are almost 
parallel (angle between planes 0.8°) and the closest inter-ligand C ...C and C . 
contacts are around 3.5 A. 
This type of attractive interaction is observed to be no less important for 
benzotriazole as it is for benzimidazole. Evidenced for this is discussed in §3.9.6. 
Inter-ligand forces such as these may play a role in surface complex stability 
If the only evidence of the [2.101] binding mode had been in complexes 
containing other sterically demanding functional groups, it might have shown that 
this mode is less stable than others. However, the determination of a Zn" structure 
would tend to indicate otherwise. The complex [{Zn(bta) 2}] 3X22 is a three-
dimensional network polymer. 75 There are two independent Zn atoms (Zn!, Zn2) and 
four independent bta groups (btal-4) in the crystallographic asymmetric unit (the 
118 
space group is P211c). Each Zn atom is bound to four bta ligands through N  or N3 
resulting in a typical pseudo-tetrahedral stereochemistry (Zn i-N 1.99 to 2.01 A, 
Zn2-N 1.98 to 2.02 A, N-Znl--N 99.7 to 117.0°, N-Zn2--N 103.0 to 118.4°). 
Each bta ligand forms a [2.101] bridge between Zn! and Zn2. The geometries of 
these interactions are quantified in Table 3-17. They indicate substantial variations 
(0.3 :!~ Av :5 25.6°) in the binding structure. 
	
Table 3-17 	Internuclear Zn distances and values of AH  and &, for 3X22 for bta ligands 
btal 	 bta2 	bta3 	bta4 
(Znl .. .Zn2)/A 	5.80 5.73 	5.56 5.87 
N 	N3 	N 	N3 	N 	N3 	NI 	N3 
LH/ 	 4.0 	7.3 	6.2 	8.6 	12.2 	15.0 4.3 	2.9 
AvI ° 	5.2 	0.3 	25.6 	17.3 	4.6 	8.8 	3.3 	8.1 
Fragments of the 3-D network are plotted in Fig. 3-36. A centrosymmetric 
tetranuclear fragment (not stoichiometric) is shown in (2). The way in which several 
of these units join together to form the basis of the polymer is shown in (1). The 
structure is fascinating, if a little difficult to visualise in its three-dimensional 
entirety. While most metal stereochemistries tend to propagate parallel chains or 
layers in polymeric structures, tetrahedral centres are an exception. This does not 
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layers in polymeric structures, tetrahedral centres are an exception. This does not 
make 3X22 any less stable or compact, and the expressed bridging mode is evidently 
well suited for the tetrahedral metal in conjunction with a ratio of 1M":2bta. 
In attempting to conceive structures for copper benzotriazolates, there is some 
irony in the non-transferability of this structure to either the cuprous or cupric 
equivalent. 'While the stereochemistry is ideal for Cu', the stoichiometry is restricted 
to Cu". This mutual exclusion of the +2 oxidation state and tetrahedral 
stereochemistry would prohibit the formation of a copper analogue for 3X22. 
Although the [2.101] bridging mode would in general be expected to be less 
favourable than the [3.111] mode, 3X22 reaffirms that the concept of 'most stable' 
binding mode for a polydentate ligand is environment-dependent. The energetic 
composition of structure formation is a summation of many terms and involves the 
satisfaction of a number of valence and non-bond conditions. The determination of 
3X22 shows that for this particular set of energetic requirements (in particular the 
attainment of an isotropic distribution of electron density around Zn) the [2.101] 
mode is preferable to any other. 
3.9.4 Complexes with 1,2,3-Triazoles in 11.0011 Binding Mode 
The acidic proton of the 1,2,3-triazole is more closely associated with Ni than N2, 
since the basicity of the central N atom is the lowest of the three. This accounts for 
the fact that more metal complexes are observed with the [1.001] than with the 
[1.010] terminal coordination mode. It also accounts for the fact that no complexes 
are observed with the neutral group in the [2.101] bridging mode. 
More complexes have been characterised with the [1.001] mode than with any 
other. Although two-thirds of these involve binding of the formally neutral triazo 
head group, the statistics given in Fig. 3-30 mask the fact that over half of the 
triazoles within this subdivision have an exocyclic functionality (frequently a CH 3 
group) attached to Ni. Such head groups have no capacity to form the anion and 
have access only to [1.001], [1.010] and [2.110] binding modes. Complex formation 
necessitates the presence of other anionic species in the synthesis to counter the 
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positivity of the metal. It was stated earlier (3.3.2) that Cotton et al. did not obtain 
insoluble copper complexes with 1 -Mebta. 
Terminal coordination is predominantly observed in mononuclear complexes. 
In all of the structures referred to in Fig. 3-30, other terminal (H20, CF) or chelating 
(NO3 ) ligands complete the coordination sphere of the metal. Since our fundamental 
hypothesis asserts that kinetic and thermodynamic surface complex stability is 
achieved through polynucleation. these structures have limited impact on the current 
study. 
The majority of these structures are not appropriate for discussion in the 
context of this investigation. An obvious exception is the silver compound 
[Ag(Hbta)(NO 3 )] 3X23. It is composed of [Ag(Hbta)] complex cations interspersed 
with nitrate anions (Fig. 3-37). The asymmetric unit contains two formula units and 
thus two distinct metal sites. Both are essentially two-coordinate, with bonds to the 
N3 atom of two Hbta ligands (N—Agl--N 158.3°, N—Ag2--N 151.3°). In addition 
though, Agi interacts weakly with a chelating nitrate (O—Agl--O 47.3°) whose 
remaining 0 atom trifurcates by forming hydrogen bonds with three Hbta molecules. 
Ag2 makes an extended contact with N2 of another Hbta ligand (N3—Ag2 ... N2 
92.3, 115.8°) which results in (weak) dimerisation of [Ag(Hbta)] + units. 
Excepting these long contacts, the structures of both the [Ag(Hbta)] complex 
cations are similar to the hypothetical planar [Cu(bta) 2 1 -  fragments considered in Fig. 
3-27. They are shown in more detail in Fig. 3-38. The tighter angle at Ag2 than at 
Agi is accompanied by shorter inter-ligand H• . •H distances which are coincidental 
with a reduction in planarity of the unit as a whole. RMS plane calculations (equal 
weighting for all 31 atoms) indicate that the mean deviation from the plane is 
0.0526 A for 1 and 0.167 A for 2. Associated with this reduced planarity is a 







1) Ag1 	 Agl ... O 2.63,2.68A 
© Ag2 Ag2—N3 	2.19, 2.21 A 
Ag2 ... N2 2.47A 
I N 
	 "I 
Figure 3-37 	Several molecules from the crystal structure 3X23 (stoichiometry has not 
been retained). Silver atoms are shown in green. Depending on the context, black dashes 
denote a hydrogen bond or a long coordination contact to a silver atom. 
Figure 3-38 	Two independent [Ag(Hbta) 2] molecules (1 and 2) from the crystal 
structure 3X23 (nitrate counter anions are omitted). In the top view, the molecules are 
oriented in the plane of the paper. In the bottom view, the molecules have been rotated 
through 900 about the horizontal and are shown with their vdW radii. 
Table 3-18 	Values of AH  and Av derived for crystal structure 3X23. 
Agi 	 Ag2  
N3A 	N313 	 N3C 	N3D 	N2 
6.5 	3.7 	 3.6 	6.5 	5.7 
v/0 	 3.7 	3.4 	 14.8 	3.1 	6.1 
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This structure supports judgements made earlier (3.8.5.5). It seems that the 
planar [M(bta)] - unit with C—N--M'—N torsions of zero cannot exist with a 
N—M'--N angle much less than 155°. Otherwise, preservation of planarity would 
require these torsions to flip to 1800.  Non-planar [M(bta)] - fragments with 
significantly smaller angles at the metal were observed in 3X21 and 3X22. 
There are a few complexes with the [1.001] binding mode which are not 
mononuclear. A set of related dimeric and polymeric structures based on the same 
{M"(.i-Cl)2} motif have been determined .76,77  A pair of Cu" dimers 76 and Cu", Cd" 
and Mn" chain polymers 7778  all feature this same subunit, with the [1.001] terminally 
bound triazoles completing the coordination spheres. Although it is outwith the 
remit of this investigation, the apparently reduced capacity of 1 ,2,3-triazoles to form 
bridges between Cu" centres when Cl is available to perform such a function may 
not be unrelated to the chloride-induced deterioration of corrosion protection 
afforded copper by benzotriazole. It has been suggested 79  that the strong adsorption 
of Cl' onto copper surfaces exposes them to attack. Apart from these crystal 
structures with chloride bridges, the only other [1.001] triazole complexes known 
with more than one metal centre are a ji-O-bridged Fe" dimer 8° and an 
organometallic Rh' tetramer 81 
3.9.5 Complexes with 1,2,3-Triazoles in [1.0101 Binding Mode 
All of these 1 ,2,3-triazole ligands have strong electron-withdrawing substituents (e.g. 
C00, CF3) which are likely to affect the relative basicities of the N atoms. This 
prevents any analogies being made with the interaction between benzotriazole and 
copper. 
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3.9.6 Intermolecular Stabilisations 
In discussing structures in §3.9.1-3.9.5 it was necessary to focus on the coordinate 
binding interactions. Although these are the principal source of complex stability, 
many of those structures are enhanced with secondary bonding contributions. Two 
important classes of secondary interactions, hydrogen bonds and it-it stacks, are very 
common. The frequency with which both of these forms of stabilisation are observed 
in crystalline bta compounds indicate their importance. This provides indirect 
evidence for their likely existence and significance in surface complexes. In line 
with the general rationale that surface coordination structures can be simulated by 
extrapolation from crystal structural observations, attempts were made to incorporate 
secondary bonding interactions into surface models. 
It had emerged from analysis of the CSD that bta binds to metals in no less than 
five different motifs, through one, two or three N atoms. These statistics might imply 
that 'non-i3'  modes can demonstrate comparable stabilities, since they are usually 
bolstered with an array of secondary interactions which are inaccessible to the 71 3  
mode. The fact that the il mode does not dominate Fig. 3-30 is strong evidence that 
the i2  and perhaps terminal coordination modes, when supported with a matrix of 
secondary interactions, are stable entities which under some circumstances could be 
on a par with the r coordination mode. 
The requirements imposed on metal positions and their stereochemistries by the 
r 3  coordination mode are strict for n 2  and terminal modes. Corresponding 
allowances in flexibility lead to an increased potential for inter-ligand orientation and 
the formation of stronger it-it stacks and hydrogen bonds. Whereas none of the 71 3 
complexes discussed in §3.9.1 contain significant secondary contacts, most of the 
other structures depend on them in high numbers. By their very nature these contacts 
are mostly intermolecular, providing stabilisation within the lattice. 
There is no shortage of examples that could be used to demonstrate the overall 
frequency and importance of secondary bonding interactions. As well as the it-it 
interactions and D—H ... A hydrogen bonds already mentioned (where D and A are 
electronegative hydrogen donors and acceptors), weaker C—I-IS . A hydrogen bonds 
are now realising a wider literature coverage. Our awareness of these has been raised 
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over the last decade as they have become more fashionable. Aakeroy and Seddon 
have provided 82  a comprehensive review of the birth and growth of this field. 
Although not using the term itself, hydrogen bonding was first discussed 83  in 
1920 by Latimer and Rodebush. When Pauling introduced the phrase in 1940 he 
suggested 84  that 'the hydrogen bond is largely ionic in character'. He acknowledged 
that 'although it is not a strong bond, -5 kcal mol 1 , it has great significance in 
determining the properties of substances'. His quantification (5 kcal mol 1 = 
20.92 kJ moF) is a good rule of thumb, although the thermodynamic strength of the 
hydrogen bond can vary somewhat. 85 For neutral molecules it normally lies in the 
range 10-65 U moF', rising to 40-190 Id mold  for one ionic component. It is clear 
that a strong hydrogen bond is on a par with a weak covalent bond. 
The single, most appropriate example of the relevance of the hydrogen bond 
and other secondary interactions to benzotriazole is its own crystal structure, 16  Hbta 
3X24. The structure is shown in Fig. 3-39 as a view along the c axis. It has a two-
fold screw axis running horizontally (it is chiral, space group P2 1 ). There are four 
molecules (Hbtal-4) in the asymmetric unit, each of which participates in strong 
hydrogen bonds, with N• . .N distances in the range 2.81 to 3.14 A. All are neutral 
and protonated at NI, with this atom serving as a hydrogen donor in each case. N3 is 
a hydrogen-acceptor in three, and N2 an acceptor in two of the four independent 
molecules. The Ni atoms of Hbta2 and Hbta4 are bifurcating donors, while the N3 
atom of Hbtal is a bifurcating acceptor. The environments of each of the molecules 
Figure 3-39 
Four unit cells of the crystal 
structure 3X24. There are four 
molecules in the asymmetric 
unit. These are shown with C 
atoms highlighted in different 
colours: Hbtal default; Hbta2 
red; Hbta3 orange; Hbta4 
green. Hydrogen bonds are 
indicated with black dashes. 
AP 
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Hbtal 	 Hbta2 
Hbta3 	 Hbta4 
Figure 3-40 	Hydrogen bond formations for 
each of the four unique Hbta molecules in 3X24. 
Figure 3-41 
Three Hbta3 molecules from 3X24 showing t-ir 
stacking in the direction of the C axis. The closest 
C• . .0 and C ... N contacts are shown with green 
dashes (distances in A). VdW radii are indicated 
with brown dots. Default atom colours. 
are shown in Fig. 3-40. With four 
different motifs exhibited in a single 
crystal structure, the triazo head 
group would appear to have as great 
a versatility for hydrogen bonding as 
it does for coordinate bonding modes. 
At well as participating in up to 
four hydrogen bonds, each molecule 
in crystalline Hbta interacts with 
those in adjacent layers with it-it 
contacts. Whereas the hydrogen 
bonds are between crystallograph-
-ically different molecules, these are 
found exclusively between crystallo-
graphically identical molecules. 
Similar interactions can be 
identified for Hbtal-4 (exemplified 
by Hbta3 in Fig. 3-41). Without 
exception the molecules stack such 
that their normals are strictly parallel 
with one another (crystallographically 
imposed) but with an offset of 1 to 
2 A. This tends to overlay the six-
with the five-membered ring and 
results in C N and C• . .( contacts 
being shorter than N . N contacts. 
The closest is 3.37 A (C.. C, Hbta4) 
although separations are more 
typically around 3.5 A. 
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Similar contacts exist in many of the complexes presented in Fig. 3-30, and 
examples of hydrogen bonds were provided in 3X18 and 3X30. Although not 
discussed in §3.9.4, [Ag(Hbta)2] units in 3X30 align so that Hbta ligands on 
neighbouring complexes are parallel, with shortest C . contacts of 3.47 A. This 
geometry is indicative of interactions between it systems. This is just one example of 
the a non-q 3 coordination mode being supported with an array of secondary 
interactions. 
Numerous other structures contain similar features but these will not be 
presented at length. Only two examples will be given to emphasise some 
characteristic features of these interactions. The dimeric cupric complex 
[Cu2(—Cl)2Cl2(FIbta)4].2H2O 3X25 was cited 76  in the latter part of §3.9.4. Based 
around a flat, rhombic [CU2Cl2]21  core the TBP coordination sphere of each Cu" atom 
is completed by a terminal chloride and two [l.OddOall Hbta ligands (Fig. 3-42). 
With a Cu . .Cu internuclear distance of 3.52 A the geometry is ideal for adjacent 
Hbta ligands to align and form an intramolecular it-it contact on either side of the 
equatorial [Cu2C12] backbone (magenta arrows in Fig. 3-42). The normals of all Hbta 
ligands are parallel with the Cu- . . Cu 
vector, resulting in spacings between 
adjacent ligands similar to that between 
the Cu atoms. 
As well as these intramolecular it-it 
interactions, complexes pack so that 
C. N 3.51A 
N... N 3 
Figure 3-42 
Three complex molecules from crystal structure 
3X25. Cu atoms are shown as the larger blue balls. 
Arrows indicate it—ic stacking (intramolecular in 
magenta, intermolecular in red). Hbta groups shown 
as ball-and-stick are a continuous stack. 
Intermolecular hydrogen bonds are indicated by 
black dashes. C-bound protons are omitted. 
adjacent molecules make intermolecular 
it-it contacts (red arrow in Fig. 3-42). 
Although the closest interatomic 
spacings are again in the region of 3.5 A, 
the dipoles of the individual Hbta groups 
are anti-parallel, in contrast to those 
involved in the intramolecular contacts 
which are parallel. This can be 
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H bta I N 
Hbta2 N, ®:z::€:: 
Figure 3-43 
Definition of r for a pair of benzotriazole 
molecules forming a it-it interaction 
D is the centroid of the {N3C2} ring of Hbtal 
is the centroid of the {Ce} ring of Hbtal 
is the centroid of the {C6} ring of Hbta2 
® is the centroid of the {N3C2} ring of Hbta2 
T is the torsion D• •• 	... (1) (in degrees) 
quantified using the non-bonded torsion, t, defined in Fig. 3-43. Its values for the 
intra- and intermolecular stacks in this complex are 5.4° and 171.1° resp. 
Attempts to quantify the statistical distribution of t for benzotriazole 
derivatives in the CSD were unsuccessful. This was primarily due to insufficient 
numbers of such structures. Also, the measurement of a distribution of 
intermolecular non-bonded interactions in the CSD is more awkward and less reliable 
than for bonds. This is an intrinsic characteristic of the currently available search and 
retrieval software. It was generally observed that structures exhibit a range of values 
oft. 
The structure 3X25 contains yet more secondary stabilisation, in the form of 
intermolecular hydrogen bonding. Each triazole Ni atom is a bifurcating hydrogen 
donor between pt-Cl and N2 of Hbta (Ni ... Cl 3.30 A, Ni• .N2 3.02 A) and each N2 
atom is a hydrogen acceptor from NI of an adjacent molecule. The matrix is further 
enhanced by interaction with hydrated water molecules (omitted from Fig. 3-42). 
It was stated that Hbta groups within the complex unit of 3X25 align so that 
their normals are parallel to the M . M vector, resulting in a separation the same as 
the internuclear metal distance. This does not prove that an attractive interaction 
exists, and one might even argue that steric repulsion could have the same 
consequence. The existence of attractive forces is more convincingly displayed by 
one of the other structures cited in the latter part of §3.9.4. The ferric dimer 
[Fe2(li-O)(Mebta)4(NO3)4] 3X26 is based 80  on a linear Fe—O--Fe unit (the molecule 
lies on an inversion centre) in which the Fe -Fe distance is 3.58 A. One chelating 
and one terminal nitrate bind to each Fe atom, and all of these lie in a plane. Two 
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Mebta molecules bind to each iron, one on each side of this plane, to complete 
distorted octahedral { ( N2)ax(O4)j coordination spheres. 
The Mebta ligands on either side of the equatorial plane align so that they are 
parallel (Fig. 3-44). In contrast to 3X27 the direction normal to their planes is not 
collinear to the M vector but makes an angle of 42° with it [Fig. 3-44(2)]. This 
brings the Mebta ligands closer than the Fe . •Fe separation requires. The closest 
distances are C ...N contacts of 3.27 A, with t = 124.4°. Mebta ligands are bulkier 
that Hbta and have a greater potential for steric repulsion. Yet C ... N contacts in 
3X26 are even shorter than in 3X25, providing convincing support for the existence of 
attractive interactions between it systems. The substantial value of 'r defines how the 
aromatic rings are able to interact but avoid steric repulsion between methyl 
substituents [Fig. 3-44(1)]. 
3.9.7 Pointers from Analysis of Crystal Structures 
It was suggested at the beginning of §3.9 that the problems encountered in §3.8 trying 
to model an surface complex implied two possibilities. Either, 
an 11 3-bta surface complex exists but does not interact with the model surfaces 
explored, or 
the protective surface complex does not involve coordinate binding through all 
three nitrogen atoms. 
It was argued in §3.9.1 that the lithium polymer 3X21 is a better model than the 
pentanuclear cupric species 3X1 for the r 3  interaction of bta with Cu'. Its 
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potential to help establish a more rational model for the surface complex is discussed 
in the next section. 
The array of crystal structures discussed throughout §3.9 have indicated that (ii) 
cannot be ignored. The frequency with which secondary bonding interactions have 
been identified in the crystal structures of a multitude of benzotriazole compounds is 
powerful evidence of the extent of their stabilising influence. In conjunction with the 
observation that the many bta complexes do not involve the rl coordination mode, 
the use of uncoordinating donors to form higher numbers of weaker contacts could be 
a viable route to interfacial stability. Attempts were made to integrate these features 
into surface complexes, and the model suggested by Fang 31  (3.3.2) with [2.11 Oa]  bta 
adsorbates is one of the more likely. This might involve bridging water molecules or 
hydroxides by protonation of oxo groups on cuprite surfaces. These models will not, 
however, be afforded space here. 
3.10 Converse Identification of 13.1111 Binding Sites on Cuprite 
A considerable amount of attention was paid earlier to the original [3.1 11] model 
(3.8). This may have appeared excessive given the downbeat conclusion: the model 
categorically failed to explain the surface activity. However, in that process, the 
opportunity was taken to present a thorough account of the structural emphasis 
involved in the modelling strategy. The principle message was this: unless all 
structural components in a model relate to analogous crystal structural observations, a 
model must be deemed to be unrealistic. Particular attention is paid to metal sites in 
assessing the feasibility of their inner coordination sphere donor set composition and 
stereochemistry. 
The other mineral surfaces described in §3.2 were assessed in terms of their 
ability to provide r 3  binding sites for the coordination of bta, but none seemed 
particularly obvious. The overwhelming evidence in the literature for significantly 
greater reactivity of bta to Cu20( S) relative to CuO( S) effectively discounted tenorite as 
a model substrate. 
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During an extensive series of simulations experimenting with many different 
strategies, a rather different route to that proposed in §1.4 resulted in a much more 
structurally plausible model. 
The crystal structure 3X21 was noted earlier for its relevance to a possible 
n 3 -bta complex with Cu'. It indicated an appropriate stereochemistry for Cu' and 
appropriate structural parameters (Ali, Av) for a copper-bta complex. Within the 
modelling environment of CERIUS2, the coordinates of 3X21 were used to obtain a 
fragment with composition {1,402(1 3 -bta)2}. The Li atoms were then redefined as 
Cu' sites (the fragment is shown in [Fig. 3-45 (1)]). This was built into a 2-D 
periodic model by creating a surface cell around it. The v cell edge (the polymeric 
axis in 3X21) was defined as the repeat distance measured in the crystal structure 
(11.3 A) and the u cell edge (the spacing between chains in the 2-13 model) was 
arbitrarily set at 10 A. This initial periodic model, showing 2u x 2v surface cells, is 
shown in plan in Fig. 3-45 (2). The effect of the 2-D periodicity was to recreate the 
infimite polymer axis along v. The chain is partly analogous to that shown in Fig. 
3-32, but missing half of the bta ligands and all but the 0 atoms of the DMSO 
ligands. The purpose of this exercise has been to create a potential starting point for 
a copper-bta surface complex on a periodic boundary, without an underlying mineral 
lattice to define it. 
The model was prepared for FF treatment using CUFF. Cu atoms were typed 
as Cu2. Bta ligands were prevented from deforming by applying the bond, angle and 





Figure 3-45 	(1) {Cu402(ii 3-bta)2} fragment derived from 3X21. (2) Four cells 
of the periodic surface model derived from (1) with u = 10 A and v = 11.3 A. 
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V If 
3$3 2 	 ¼ 
Figure 3-46 	Two representations of the minimised periodic structure based on the 
model complex 3X21. Each view shows 4u x 2v surface cells in plan. Uppermost Cu 
atoms coloured cyan, lower Cu atoms coloured magenta. (1) Cu atoms ball-and-stick; 
(2) Cu atoms shown as balls, highlighting the hexagonal arrangement in each layer. 
torsion restraints described previously. The model was then energy-minimised in a 
simulation in which all atomic coordinates and surface cell parameters were allowed 
to vary. The resultant structure is shown in Fig. 3-46. 
Each plot in Fig. 3-46 shows the same model, but in slightly different 
representations. Eight surface cells are shown (4u x 2v) in each case. Uppermost Cu 
atoms remain cyan but now lower Cu atoms are coloured magenta. The main change 
during the minimisation has been the contraction of the u axis (new cell parameters: u 
= 4.79 A, v = 11.13 A, 9 = 89.9°). The cell dimension along the length of the 
polymeric axis has hardly changed. The reduction of the inter-chain spacing 
produced a comfortable packing arrangement (closest intermolecular H 2.59 A). 
Moving from one molecule to the next in the direction of u, the molecules are 
aligned parallel to one another. However, the same is not true along the v axis and 
the packing arrangement would at first seem unlikely as well as hard to predict. It is 
all the more surprising that the monolayer is particularly contiguous, filling space 
efficiently. 
Since there are no constraints on atomic positions or cell parameters, the array 
seems to be a thermodynamically stable arrangement which is largely defined by 
comfortable packing of bta groups. The positions of the underlying Cu atoms can 
therefore be taken as close to ideal from the perspective of the ligands. 
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It can be seen from Fig. 3-46 (2) that each cyan Cu atom is surrounded by six 
others in a pseudo-hexagonal formation (Cu. . Cu 4.79-6.13 A). Two of these 
distances (6.00, 6.01 A) correspond to 1,3-Cu• Cu spans bridged by bta ligands (cf. 
3X1, Fig. 3-14). The internuclear distances of magenta Cu atoms in the layer 
directly below are similar (Cu.. •Cu 4.79-6.28 A). They too form pseudo-hexagons. 
The cuprite lattice was explored for comparable arrangements of Cu atoms. 
Each Cu atom is surrounded by 12 nearest neighbours at 3.01 A (Table 3-6), of 
which six surround it in the (111) plane to form a hexagonally close packed layer. 
This is shown in Fig. 3-47 (1) as 4u x 4v surface cells (one of which is highlighted by 
a blue box). A similar layer immediately below this top cyan layer is coloured 
magenta. 
Formation of a 2u x 1 v supercell followed by the removal of three quarters of 




Figure 3-47 	(1) Plan view of cuprite (111) surface showing cp layers. 4u x 4v cells 
are shown (blue outline indicates one cell). Uppermost Cu atoms are coloured cyan. Cu 
atoms in the layer immediately below are coloured magenta. (2) (2 x 1) supercell of 
cuprite (1 1 1). Three quarters of Cu atoms have been removed from the top two layers. 
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Now each Cu atom in the layer is surrounded by a hexagonal arrangement of Cu 
atoms at a distance of 6.02 A. This arrangement shows marked similarities to that 
identified beneath the idealised array of 3-bta ligands shown in Fig. 3-46. 
A model of the Cu20 0  1 1) surface with a deeper (10 A) section was 
established. Again a 2u x Iv supercell was created with dimensions u = 12.04 A, v = 
6.02 A, 9 = 1200  and three-quarters of the Cu atoms in the uppermost two layers 
were removed, similar to Fig. 3-47 (2). Two bta ligands were bound per supercell 
(A = 62.81 A2) in an analogous zig-zag manner to that shown in Fig. 3-46. The 
addition of two 93-OH groups per surface cell was found to complete trigonal 
coordination environments for all interfacial Cu atoms. 
CUFF minimisation with all atoms free to move and surface cell parameters 
free to vary resulted in a model with feasible geometry and stereochemistry for all 
interfacial atoms. The fragment at the basis of the model is shown in Fig. 3-48. 
Geometrical parameters defining the stereochemistry of interfacial Cu' sites and the 
binding geometry of the i 3-bta adsorbates are provided in Table 3-19. All of these 
conform reasonably well with the expected norms discussed earlier. The implications 
of this model for surface coverage are indicated by the plot showing vdW radii (Fig. 
3-49). Closest intermolecular H . •H contacts are 2.49 A. 
Figure 3-48 	Connectivity and numbering scheme for best model for the i 3-bta 
surface complex on the Cu20 0  1 1) surface. There are two independent bta ligands and 
two independent interfacial bta-bound Cu atoms (trigonal planar). Cul has a {N 20} donor 
set and Cu2 has a {NO2} donor set. 
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Table 3-19 	Geometrical parameters measured in the final surface complex model. 
Gui—N/A 1.984 Cu2—N/A 2.004 
Cui—N/A 2.002 Cu2—O/A 1.909 
Cul—C/A 1.903 Cu2.—Q/A 1.904 
N—Cul--N/° 117.6 O—Cul---Of° 116.9 
N—Cui—OI° 117.5 N.—Cui--_O/° 117.4 
N—Cul—O/° 121.3 N—Cu1---Of° 121.7 
btai bta2 
L\H(N1) /0 4.0 H(N1) /0 3.9 
H(N2) /0 2.6 LH(N2) /0 2.7 
iv(N3) 
/0 49 i\v(N3) /° 5.0 
Av(N1)I° 0.4 v(N1)/° 0.2 
iv(N2) 
/0 17.6 Av(N2) 
/0 17.7 
Av(N3) 
/0 20.9 \v(N3) 
/0 20.7 
J. 
Figure 3-49 	VdW radii of bta ligands to show the surface coverage implied by full 
monolayer in the final CUFF model for T, adsorption on the relaxed Cu20 (111) surface. 
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3.11 Conclusions 
An approach has been developed capable of simulating the types of organic-inorganic 
interface which form at metal oxides in aqueous solutions of surface complexing 
ligands. The technique provides a route of enquiry to probe the coordination 
geometry defining the interface and to rationalise observed surface properties. The 
most important element of this strategy in assessing the feasibility of models is the 
comparison of structural parameters against relevant observations from crystal 
structures. 
The approach has been applied to a case study attempting to account for the 
high surface activity of benzotriazole with copper. This concluded that a previously 
suggested 47  model for the surface complex on Cu20 (1 1 0) contained several 
unrealistic features, in particular poor Cu' stereochemistry and strained bta binding 
geometry. The model was deemed unfeasible, and unlikely to properly account for 
the mode-of-action. One of the reasons for the failure of the model had been the 
comparison of a model complex containing five- and six-coordinate Cu" sites to the 
interfacial structure which is known (3.3.2) to involve Cu' species and therefore 
very different stereochemistry. 
An extensive survey of crystal structures containing triazoles revealed a 
number of model complexes which could help to provide indications for stabilising 
interactions at the interface. An array of secondary bonding stabilisation included a 
high frequency of hydrogen bonds in structures with both the neutral and anionic 
species. Furthermore, the planarity of the molecule was found to be conducive to 7t-7t 
stacking. This could play a role in the organisation of molecules at the interface. 
Since virtually all of the structures contain some secondary bonding component it is 
likely that structures of surface complexes are influenced by their contribution. 
A better model for the surface complex was achieved on Cu 20 (1 1 1) in a 
'back to front' approach compared with that proposed in §1.4. Simulation of the 
ii3-bta monolayer on that substrate required only one in four atoms from the 
uppermost two Cu layers. This raises interesting questions about the stages involved 
in surface reactions, the transport of species between substrate and solution and the 
intrinsic physical basis of the surface protection effect. 
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Chapter 4 
Modelling the Corrosion Protection 
of Iron with Carboxylates 
4.1 Introducing Iron 
4. 1.1 Occurrence and Protection 
Iron is the second most abundant metal, after aluminium, and the fourth most 
abundant element in the Earth's crust. The technical production and metallurgy of 
iron has been mastered' over a period of centuries. Iron is dimorphic, existing  either 
as cc-Fe (ferrite) which has a bcc structure and is ferromagnetic, or as y-Fe (austenite), 
which has a fcc structure and is non-magnetic. a-Fe is the stable form in ambient 
conditions. It can be alloyed with carbon (0.05-1.5%) and additionally with Cr. Mo, 
W, V, Ni or Mn to produce steels which possess a broad range of material properties. 
Perhaps the most fundamental drawback in the use of iron and steel in a great 
number of their applications, and the reason for alternative materials being sought for 
some of those, is their tendency to corrode in moist atmospheres. Protection in the 
past has been afforded by treatment with chromates and other hostile inorganic 
materials, which become increasingly implausible solutions in the current global 
environment. 
In the search for low toxicity alternatives, certain organic compounds have 
been found to afford significant corrosion protection. One such compound is 
3-(p-toluyl)propionic acid, Hirg (Fig. 4-1). It is patented by Ciba Specialty 
Chemicals  with the proprietary name Irgacor 4 as a corrosion inhibitor for mild steel 
by application in water-borne coatings. Although its effectiveness for this function is 




Cal Ce 	 CS C4 	
Figure 4-1 
3-(p-toluyl)propionic acid, Hirg, with 
Ce Cl, 	 C3 	 numbering scheme The molecule is 
Cl 0i 	 patented with the name Irgacor. 
Hi 
Ciba provided their results from structure-activity analyses of a number of 
molecules which are related to Hirg. These included: 
4-(p-tolyl)butanoic acid, Hptba 
3-(benzoyl)propionic acid, Hbzpr 
cis-2-(p-toluyl)cyclohexanoic acid, Hctch 
trans-2-(p-toluyl)cyclohexanoic acid, Httch 
Although these compounds also exhibit some corrosion inhibitive effect with iron 
and steel, their performance is markedly inferior to that of Hirg. 
The adsorption of these compounds from solution onto powdered goethite were 
measured by Dr. D. A. Nation. This substrate was chosen because it is the most 
accessible high surface area iron oxide powder. 5 The solutions were prepared with 
95% methanol and 5% water, to provide consistency with experiments carried out by 
Ciba. 
amount adsorbed (mol/g) 
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Figure 4-2 	Adsorption isotherms of Irgacor and four related molecules onto goethite. 
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The differences in surface binding abilities are reflected in Fig. 4-2. The 
molecules are shown alongside their respective adsorption data, which have been 
fitted with the Langmuir equation. Hirg and Hbzpr bind more strongly than the other 
molecules to the iron oxide. Although the technical and quantitative implications of 
these results are beyond the remit of this report, their relative binding strengths are 
qualitatively informative. 
The isotherm measurements are not necessarily proportionally related to the 
corrosion inhibiting abilities of the molecules. However, they do indicate the relative 
strengths of binding interactions with the iron oxide surface. An equilibration period 
of approximately one hour was allowed in each case. The data can be taken as an 
indication of the relative thermodynamic adsorption enthalpies. The purpose of this 
report is to attempt to understand why Hirg and Hbzpr bind to oxidised iron surfaces 
more strongly than Hptba, Hctch or Httch. It is also to understand why Hirg protects 
such surfaces more effectively than Hbzpr, even although their adsorption 
characteristics are similar. 
The premise made at the outset in attempting to model this effect is that a 
stabilisation of the underlying metal is brought about by formation of a passivating 
film between the ligand and the iron substrate. This chapter describes the steps 
which have been taken in attempting to rationalise these observations, in accordance 
with the general strategy discussed previously. 
4.1.2 The Oxides of Iron 
The oxide chemistry of iron is rather complex, not least because of the stabilities of 
both the ferrous and ferric states under ambient conditions. This causes non-
stoichiometry to be exhibited to a greater or lesser degree in almost all of the oxides. 
This is particularly true of the ferrous oxide, wüstite, which is better written Fe(I- X)O. 
Each time two Fe ll ions oxidise to Fell ', a third is lost to solution and a cation vacancy 
is born. Although the quantity (l-x) is environment dependent, its value tends to be 
around 0.9. 
The most common compounds are shown in Table 4-1. Some of these are 
readily interconverted in redox or decomposition processes, and their inter- 
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relationships are well documented. 6 Greater complexity is observed 7 for the hydrated 
oxides than for those just containing just iron and oxygen. Fe(OH) 2 readily oxidises 
in 02 but the compound Fe(OH) 3 is probably better written Fe203•nH20 (limonite). 
The mineral bernalite quoted with composition Fe(OH)3 is rare. The compound 
FeO(OH) forms at least four polymorphs, of which a and y forms are the most 
common. 
Two further commonly occurring oxide phases are ferrihydrite and feroxyhite. 
Their compositions are rather unclear and are likely to be mixed phases. They are 
not macroscopically crystalline but have been shown  to exhibit the significant local 
ordering, which is typical of amorphous solids. This short range order most likely 
consists of Fe octahedra linked by corners, edges or faces, which makes them 
amenable to characterisation by EXAFS. Their local structures are thought to relate 
to the crystalline oxides, particularly hematite and goethite. 
Table 4-1 	The anhydrous and hydrated oxides of iron. 
Empirical formula Mineral Reference 
FeO wUstite 9 
cx-Fe 203 hematite 10 
13-Fe203 11 
y-Fe 203 maghemite 12 
Fe304 magnetite  13 
Fe203•nH20 limonite 14 
Fe(OH) 3 bernalite  15 
cx-FeO(OH) goethite  16 
3-FeO(OH) akageneite  17 
6-FeO(OH)  18 
y-FeO(OH) lepidocrocite 19 
5Fe203•9H 20 ferrihydrite 8 
feroxyhite 8 
4.1.3 Rust 
Air-free water has little effect on iron but in the presence of air and water the metal 
rusts 20  to give hydrated ferric oxides, Fe 203 .nH2O. Given this, it is observed 
21  that 
the corrosion products of iron and steel in aqueous media depend on different 
parameters, such as T, pH and 02 content. 
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Favre and Landholt provide 22  an excellent summary of present understanding 
of the atmospheric corrosion of iron. They cite the early model of Evans 23  and 
explain its more recent refinement by Strattmann 24 et al. Two major factors 
controlling the atmospheric corrosion of iron are the level of ionic contaminants, 
which promote electrochemical reactions, and the periodicity of wet-dry cycling. 
This cycling is accompanied by redox processes which interconvert Fe(OH) 2, Fe304 
and FeO(OH), thereby affecting diffusion, pH and conductivity at the surface. The 
mechanism stresses the active role played by the transformation of different phases in 
rust, in particular that between Fe304 and y-FeO(OH). 
XRD and FTIR spectroscopy have been used to identify 25 lepidocrocite as the 
dominant corrosion product of steel in pure water over a period of up to 90 days. 
Independent investigations using Conversion Electron Mossbauer Spectroscopy 
(CEMS) and XRD have shown 26  that the rust layer on an iron coupon corroded in 
0.02 M KC1 solution was about 3 000 A thick and was composed of 95% 
lepidocrocite and 5% magnetite. 
4.1.4 Oxide Crystal Structures 
Single crystal structures of all reported binary and ternary iron oxides were extracted 
from the ICSD. These totalled 129, but after elimination of duplicates formed a set 
of 8 independent minerals. The most relevant structures are those of FeO, Fe 304 , 
c—Fe203. 7—Fe2O3, ct-FeO(OH) and y-FeO(OH). For the purposes of modelling, 
stoichiometry has been retained throughout. This simplified the consideration of 
atomic site occupancies and oxidation states. 
4.1.5 Oxide Crystal Morphologies 
Stable faces for these minerals were identified from classical mineralogical 
accounts 27  of crystal habits as well as contemporary literature, and augmented by 
BFDH morphology calculations. This section provides crystal structure plots, 




Cubic 	F 41 -3 21rn (225) 
a4.290A 
Figure 4-3 Crystal structure of wustite. 
Table 4-2 
	
BFDH morphology calculation for wustite (mm. slice thickness = 1.2 A) 
Form 	Multiplicity 	d-spacing (A) 	Area (%) 	Corners 
{1 I 11 	8 	 2.48 	77.6 	 6 
{200} 	6 	 2.15 	22.4 	4 
Magnetite, Fe304 	Cubic 	F 41/d -3 21rn (227) 
a8.394A 
Figure 4-4 Crystal structure of 
magnetite 
Table 4-3 	BFDH morphology calculation for magnetite (mm. slice thickness = 2.3 A) 
Form Multiplicity d-spacing (A) Area (%) Corners 
{111} 8 4.85 100 3 
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Hematite, ct-Fe203 	Rhombohedral 	R -3 21c (167) 
a=5.038A,c = 13.772 A 
Figure 4-5 Crystal structure of hematite 
Table 4-4 	BFDH morphology calculation for hematite (mm. slice thickness = 1.7 A) 
Form Multiplicity d-spacing (A) Area (%) Corners 
{1 0-2} 6 3.69 90.48 6 
{1 04} 6 2.70 8.68 4 
{0 0 6) 2 2.30 0.84 6 
Maghemite, y-Fe203 	Tetragonal 	P 4 1 2 1  2 (92) 
a8.347A,c=25.O42A 
Table 4-5 	BFDH morphology calculation for maghemite (mm. slice thickness = 4.0 A) 
Form Multiplicity d-spacing (A) Area (%) Corners 
{1 0 1) 8 7.92 68.12 6 
{1 02) 8 6.95 19.02 4 
{004} 2 6.26 10.99 4 
{110} 4 5.90 1.87 4 
lErsi 
Goethite, a-FeO(OH) 	Orthorhombic 	P 2 1 /b 2/n 2 1 /m (62) 
a4.619A,b9.953A,c3.024A 
Figure 4-6 Crystal structure of goethite 
Table 4-6 	BFDH morphology calculation for goethite with varying mm. slice thickness. 
Form 	Multiplicity d-spacing (A) Area (%) Corners 
Mm. slice thickness 2.0 A 
{1 1 0) 	4 4.19 39.90 8 
2 4.98 31.32 4 
4 2.58 14.63 8 
{1 0 1) 	4 2.53 10.93 6 
{1 11) 8 2.45 3.22 3 
Mm. slice thickness 2.5 A 
{1 I 01 	4 4.19 40.33 6 
{020} 	2 4.98 31.16 4 
{021} 4 2.58 15.57 6 
(1 0 1) 	4 2.53 12.94 4 
Mm. slice thickness 2.6 A 
{1 1 01 	4 4.19 48.45 6 
{020} 	2 4.98 37.16 4 
{002} 2 1.51 14.39 6 
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Lepidocrocite, y-FeO(OH) 	Orthorhombic 	C m c 2 (36) 
a -3.08 A, b = 12.50 A, c = 3.87 A 
Figure 4-7 Crystal structure of 
lepidocrocite 
Table 4-7 	BFDH morphology calculation for lepidocrocite varying mm. slice thickness. 
Form 	Multiplicity 	d-spacing (A) 	Area (%) 	Corners 
Mm. slice thickness 1.4 A 
2 6.25 42.60 4 
{1 1 0) 	4 2.97 22.84 4 
2 3.29 14.52 4 
02-1} 	2 3.29 14.52 4 
{1 I 11 	4 2.36 2.76 3 
{1 1 -1) 	4 2.36 2.76 3 
Mm. slice thickness 2.4 A 
{020} 	2 6.25 41.43 4 
{1 1 0} 	4 2.97 26.47 4 
{021} 	2 3.29 16.05 4 
{02-1} 	2 3.29 16.05 4 
Mm. slice thickness 3.0 A 
{0 2 0) 	2 6.25 49.50 4 
{0 2 1) 	2 3.29 18.03 4 
{02-1} 	2 3.29 18.03 4 
{2 0 0) 	2 1.54 14.44 6 
I:1 
4.1.6 Aqueous Iron Oxide Surface Simulation 
For each of the oxide lattices discussed in §4.1.4, surfaces were simulated by 
cleaving at the low-index Miller planes indicated by the morphology observations 
and calculations. 
This strategy for obtaining hypothetical models for iron oxide surfaces gave a 
large number of possibilities. Alternative cleavages of these lattices involved 
differing amounts of bond breakage, creating uppermost atoms with varying degrees 
of coordinative unsaturation (dangling bonds). Although the hypothetical surfaces 
with more extensive coordinative unsaturation would be unstable in vacuum 
conditions, 28  the same is not true for aqueous systems. Water, hydroxyl groups, 
organic molecules and other ligands can satisfy unsaturated metal valences. 29 This 
affects the relative stabilities of surfaces and can lead to facetting or reconstruction. 30 
Recrystallisation processes also tend to be common for metal oxide surfaces because 
many polymorphs can be available with only slightly different stabilities. An 
example is the hydration of the near surface region of cc-A1203  (isostructural with 
a-Fe203) which is known to recrystallise in aqueous solution to more stable phases 
including y-AlO(OH) [isostructural with 7-FeO(OH)]. 3 ' 
For these reasons the morphology calculations cannot be taken as definitive or 
exclusive. They can be used as a guide to rationalising which surface structures are 
likely to react with, and be stabilised by, the organic functionalities of interest. The 
surface structures proposed by the morphology calculations were assessed in light of 
iron-carboxylate coordination chemistry observed in small molecule crystal structures 
(4.2). 
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4.2 Structural Analyses of Model Complexes 
The aims of this section are to identify and characterise the chemical and structural 
nature of typical interactions between iron and irg moieties in crystal structures. This 
exercise will incorporate structural analyses of the Hirg molecule, characterisation of 
iron(III) coordination stereochemistry, analyses of metal -carboxylate as well as iron-
carboxylate binding interactions and characterisations of polynuclear iron(III) crystal 
structures. 
4.2.1 Crystal Structure Determination of Irgacor 
4X1 [C11H1203] 
4.2.1.1 Results and Structural Account 
The Hirg molecule exists as the free acid protonated at 01. The position of that 
hydrogen atom, HI, was evident from difference electron density maps. In addition, 
the significant difference between the bond lengths CI-401 and Cl-02 
{1.307(7) A and 1.219(7) A] is indicative of the localisation of the double bond 
C 1=02. The molecular connectivity and atom numbering are shown in Fig. 4-8(1). 
There is one crystallographically independent molecule in the asymmetric unit, 
which lies on a general position. A dimer occurs across the inversion centre at 
(0, '/2, 0) by the existence of hydrogen bonds between carboxylic acid groups. The 
dimer is shown from two different aspects in Figs 4-8(2) and 4-8(3). There are two 
hydrogen bonds connecting each pair of molecules, each of which is of the form 
(C1=)02. ..H1'—Ol'(---Cl'). The centro symmetric eight-membered cyclic motif is 
typical of such functional groups. 12  The 01 . . P02' distance is 2.67 A, the 
02•H1'-01' angle 175.60 and the Cl=02••01'—C1' torsion ±2.5°, indicating a 
strong interaction. 
All bond lengths, angles and torsions involving non-hydrogen atoms are listed 
in Table 4-9. These are all fairly unremarkable. The sums of angles around both C  
and C4 equal 360° to within one s.d., denoting planarity. The difference between 
angles 01—C1--C2 and 02=C1—C2 is typical. Comparable average values in the 
CSD are 114.0° and 122.5° resp. (average of 4523 observations). 
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Table 4-8 	Experimental data for the X-ray diffraction study of compound 4X1. 
Molecular formula 
M, Z 
Crystal system, Space group 
a/A, b/A, c/A, p° 
u/A 3 
Crystal description, Size/mm 
JA, T/K 
No. of reflections for cell, 0-range! 0 
D0/Mg m 3 , Il/mm 1 , F(000) 
Scan type, 0-range! 0 for data collection 
Solution method, Program 
Refinement type, Program 
Total & Independent reflections 
Used & Obs. [F0 > 4 (F0 )] reflections 
Mean I/o Mean 1E2 -i 
Restraints, Parameters 
Ri, wR2, S 
C 1  1 H 1203 
192.2, 4 
monoclinic, P 1 2 1 /c 1 
5.8365(9), 5.2947(9), 31.613(9), 90.75(2) 
976.8 
clear plate, 0.43 x 0.23 x 0.12 
0.71073, 220.0(2) 
38, 7.5 to 16.5 
1.307, 0.095, 408 
w, 2.5to22.5 
direct, SIR92 
full-matrix least-squares on F2 , SHELXL-97 
2046, 1279 
1278, 555 
0.0642, 6.52, 0.930 
0, 130 
0.0673, 0.1600, 0.990 
Largest residuals/e AC3 ; 	Max. j.Jcj 	0.156, -0.206; 	0.002 
Extinction coefficient 	 0.020(4) 
W 1 (where P = 1/3[max. (F02 , 0) + 2 F0]) 	 c 2(F02) + (0.053P) 2 
All torsion angles within the Ph ring are zero to within two s.d.'s. Conjugative 
effects produce a minimal value for the torsion 04=C4—05=C6, which essentially 
confines 04 and C3 to the plane of the ring. The torsion 04=C4—C3--C2 is zero, 
restricted by steric interactions between the methylenic hydrogen atoms attached to 
C3 and the benzylic hydrogen atom at the meta position, CIO (Hl0• •H3A 2.47 A, 
H1O• . •H3B 2.37 A). This effect is responsible for ensuring that C2 also lies in the 
plane of the phenyl group. The lack of planarity of the molecule as a whole can be 
attributed to a single torsion, namely the twist about the pair of Csp3 atoms, 
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Cl-C2---C3--C4. With a value of 72.8(7)° this can be described as a gauche 
conformation which staggers the substituents attached to either end. The value of the 
torsion 02=C1-C2--C3 is within a few degrees of planarity, staggering the 
methylenic protons attached to C2 with the carboxylic hydroxyl group 02 (02. H2A 
2.49 A, 02•• •H2B 2.59 A). 
4.2.1.2 Experimental and Refinement Procedures 
The crystals were provided by Dr. D. A. Nation. 
Structural refinement progressed routinely, with non-hydrogen atoms refining 
freely and with anisotropic temperature factors. Hydrogen atoms were placed and 
treated according to the standard scheme. Those belonging to the hydroxyl and 
methyl groups were placed with the aid of Fourier syntheses. 
Table 4-9 	Selected bond lengths, angles and torsions from crystal structure 4X1. 
Bond /A Angle /0 Torsion /0 
01-Cl 1.307(7) 01-C1-02 122.3(6) 01-Cl-C2-C3 -172.0(6) 
02-Cl 1.219(7) 01-C1-C2 113.5(6) 02-Cl-C2-C3 9.5(10) 
C1-C2 1.476(7) 02-C1-C2 124.3(6) C1-C2-C3-C4 72.8(7) 
C2-C3 1.518(7) C1-C2-C3 114.0(5) C2-C3-C4-04 -0.1(8) 
C3-C4 1.513(8) C2-C3-C4 111.7(5) C2-C3-C4-05 -178.5(5) 
04-C4 1.208(6) C3-C4-04 120.8(6) C3-C4-05-C6 -1773(5) 
C4-05 1.485(8) C3-C4-05 119.1(6) C3-C4-05-Cl 0 2.6(8) 
C5-C6 1.386(7) 04-C4-05 120.1(6) 04-C4-05-C6 4.3(9) 
C6-C7 1.378(7) C4-05-C6 119.4(6) 04-C4-05-C1 0 -175.8(6) 
C7-C8 1.356(7) C4-05-Cl0 122.3(6) C4-05-C6-C7 -179.6(5) 
C8-C9 1.379(7) C5-C6-C7 120.6(6) C4-05-Cl 0-C9 179.3(5) 
C9-C1 0 1.394(7) C6-C7-C8 122.2(6) C5-C6-C7-C8 -0.2(9) 
C10-05 1.390(7) C7-C8-C9 117.4(6) C6-C7-C8-C9 0.2(9) 
C8-C81 1.519(7) C8-C9-ClO 122.2(6) C7-C8-C9-Cl0 -0.6(9) 
C9-C10-05 119.2(6) C8-C9-ClO-05 0.9(8) 
C10-05-C6 118.3(6) C9-C10-05-C6 -0.8(8) 
C7-C8-C81 122.6(6) CIO-05-C6-C7 0.5(8) 
C9-C8-C81 120.0(6) C6-C7-C8-C81 178.8(5) 
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Figure 4-8 
Two views of the dimeric species in 4X1. Hydrogen bonds are shown as blue dashes. 
red dashes indicate the staggering between the C3 methylene and phenyl group. 
green dashes indicate the staggering between the C2 methylene and hydroxyl group. 
4.2.2 Conformational Analysis of Irgacor 
Structural assessments of the neutral molecule were carried out to ascertain its lowest 
energy conformations. Conformational analyses were carried out for two of the most 
flexible torsions described in §4.2.1.1, providing an insight into the shapes of their 
energy profiles. 
4.2.2.1 Simulation Method 
A single neutral molecule extracted from the crystal structure 4X1 was brought into 
the CERIUS2 modelling environment. Partial atomic charges were calculated using 
the Charge Equilibration method. The energy of the molecule was minimised using 
the UFF in a standard scheme. The structure remained virtually unchanged, implying 
that its energy was initially close to a local minimum. 
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The energy profile of the dihedral angle C l—C2--C3--C4 was analysed by 
carrying out a conformational search. A grid scan was performed over the range 
-200° to 2000  in 2° steps. At each interval the energy of the molecule was calculated 
after minimisation in which the grid torsion was restrained with a force constant of 
200 kcal mol' rad 2. Any changes incurred in the grid torsion as a result of 
minimisation were prevented from being carried through to the next step. A 
conformational search of the dihedral angle C2—C3--C4---04 was carried out using 
the same procedure. 
4.2.2.2 Results of Conformational Analyses 
Calculated energy profiles for the two torsions are plotted in Fig. 4-9. The absolute 
values of the energies are not meaningful but the relative energies of peaks and 
troughs provide a guide to conformational flexibility. Each curve is saw toothed in 
parts, which is unlikely to represent a real phenomenon. These effects are inherent in 
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Figure 4-9 	Energy profiles calculated from conformational analyses with the UFF. 
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the stepwise minimisation procedure. Several alternative simulation strategies were 
attempted, but none of these were able to produce profiles which did not contain 
distortions of this type. 
The profiles are useful because they help to explain the values obtained for 
torsions in crystal structures containing the Hirg molecule or anion. The profile for 
C 1—C2--C3---C4 indicates a global minimum at ±180' (anti) and equivalent local 
minima around ±70° (gauche). The value observed in 4X1 equates to the latter. The 
calculation does not provide sufficient accuracy to justify a proper comparison of 
their relative energies. A search of the CSD was performed for carboxylic functions 
containing ethyl substituents. The frequencies observed for the dihedral angle 
equivalent to the irg torsion C1—C2--C3--C4 are plotted in Fig. 4-10(1). All of the 
observations are clustered around ±180° or ±70°, in good agreement with the 
calculated minima. 
The profile for C2—C3----C4--04 indicates energy minima around 0° and 
±1100. The high barrier around ±180° relates to a collision of the ethyl and phenyl 
groups. The vast majority of comparable torsions in the CSD [Fig. 4-10(2)] are 
observed to cluster around 0°. This may indicate that the actual energy difference 
between the global and local minima for the torsion C2—C3--C4--04 in the irg 
molecule is greater that calculated by the forcefield. 
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4.2.3 Aqueous Coordination Chemistry of Iron (III) 
A notable feature of ferric iron in aqueous solution is its tendency to hydrolyse and/or 
to form complexes. 7 The hexaquo ion [Fe(H 20)6] 3 is unstable with respect to acid 
dissociation, and at pH 2-3 the dinuclear species [Fe(H20) 4(t-0H)2Fe (H20)4 ] 4 
prevails. The chemistry of iron with oxygen donor ligands is dominated by oxidation 
and hydrolytic processes which produce insoluble iron(II) and iron(III) oxides. 33 
Aside from iron minerals, compounds containing condensed (hydr)oxide cores 
are common in nature, the most notable example being the 4500 iron nuclearity oxo-
hydroxo mineral core stabilised by the protein coat of ferritin. In the laboratory, 
smaller (hydr)oxo polyiron complexes have been prepared from iron(III) reagents by 
self-assembly reactions, under judicial control of reagents, solvents and 
stoichiometry. Examples characterised by X-ray analysis include structures with 
eight, 34 ten,3 eleven, twelve, sixteen, seventeen, eighteen and nineteen iron 
centres. Extended, colloidal structures of ferric hydroxides, such as the 'Spiro-
Saltman balls' 42 have been identified with particle diameters of the order of 100 A. 
Iron(III) forms an array of complexes, in which octahedral geometry is almost 
exclusive (the tetrahedral [FeC1 41 - anion is a notable exception). Its affinity for amine 
ligands is low, in marked contrast to its high affinity for 0-donating ligands such as 
phosphates, polyphosphates, glycols and sugars. The most recent advances in iron 
coordination chemistry have been catalogued. 43 
4.2.4 Octahedral Iron(III) Coordination Geometry 
The CSD contains over 10000 entries containing iron. 44  Within these, 358 
crystal lographical ly independent six-coordinate Fe atoms exist with exclusively 
oxygen donor sets. The geometries of these metal atoms were measured and 
analysed. A histogram of 2 138 corresponding Fe-0 bond lengths is shown in Fig. 
4-11. The peak is centred around a modal value of 2.02 A, equating with the mean of 
2.036 A. The distribution is fairly sharp (the semi-interquartile range is less than 
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Distribution of angles at iron for {Fe0 6} octahedra in the CSD. 
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The resultant 5370 O—Fe----O angles are plotted as a histogram in Fig. 4-12. This 
distribution features two peaks relating to cis and trans bond angles, the relative 
areas of which should form a 4:1 ratio. The modal values for these two sets of angles 
are 92° and 1800  resp. Although the mean, percentiles and skew in this case have 
little meaning, the observation that the vast majority of angles fall within the ranges 
75° to 1050  or 160° to 180° indicates the regularity of {Fe0 6 } octahedra. 
4.2.5 Interactions of Carboxylates with Metals 
Carboxylic acids tend to bind to metals in the deprotonated state. Less than 3% of 
their coordination complexes reported in the CSD show binding of the neutral ligand. 
For complexes between metals and the carboxylate anion, a broad range of 
coordination modes and geometries is exhibited (see Fig. 4-13) in 9067 structures. 
Terminal, chelating and bridging ligands binding up to five 45  metal centres achieve 
metal-metal spans ranging from 1.86 A46 to 7.34 A47 . 
The frequencies with which each of the binding modes are observed are given 
in Table 4-10. These statistics relate to anionic carboxylates, and so neutral acids or 
esters are specifically omitted. The most common is the terminal [1.10] mode, which 
is perhaps a little surprising for the bidentate anion. This is probably due to the fact 
that in many of the structures the carboxylates belong to fairly large organic 
molecules which have extensive functional ities. These are often well suited for the 
formation of five- and six-membered chelate rings with participation from just one of 
the carboxylate 0 atoms. This would seem to be preferential to the four-membered 
ring which would be formed by [1.11] chelation by the carboxylate alone. 
Octahedral [M"EDTA] 2 complexes in which the tetraanion provides an {N 204 } 
donor set are a pertinent example. 
The next most frequently observed mode is the [2.11] bridge, followed by the 
[1.11] chelate. The top three modes, which exclusively involve individual 0 atoms 
bonded to not more than one metal atom, account for 92% of structures. There are a 
further 600 structures which involve individual 0 donors bonded to not more than 
two metal atoms. These are distributed across five modes, binding a total of two, 
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Figure 4-13 	Binding modes observed for carboxylates with metal atoms in the CSD. 
three or four metal sites. There are 14 structures containing one or more 
donors, in which the carboxylate binds to a total of three, four or five metal sites. 
The deficit between the total number of metal carboxylate structures present in 
the CSD (9067) and the sum of incidences from Table 4-10 (8357) is largely 
accounted for by structures containing more than one carboxylate binding mode. The 
mechanism used to achieve the statistical distribution necessitated the exclusion of 
mixed-mode complexes. These frequencies carry the same error bars as do all 
statistics obtained from CSD searches. 
Table 4-10 	Observed frequencies of carboxylate binding modes in the CSD 
Mode [1.10] [1.11] [2.11] [2.20] [2.21] [3.21] [3.22] 
Frequency 4196 621 2904 134 231 215 7 
Mode [3.30] [3.31] [4.22] [4.31] [4.32] [5.32] [5.33] 
Frequency 4 4 35 3 1 1 1 
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4.2.6 Interactions of Acetates with Iron 
The information provided in Fig. 4-13 and Table 4-10 was useful in depicting the 
breadth of coordination chemistry exhibited by carboxylates. Fortunately, the 
carboxylate chemistry of iron is rather better defined than the general case. To 
establish the most prominent interactions with iron, an analysis of iron-acetate 
coordination modes was carried out. This concentrated specifically on the iron-
carboxylate interaction, avoiding the influence of additional donor functionality as 
discussed in §4.2.5. 
There are 160 iron complexes known which contain the simple acetate anion, 
MeCOO. Five binding modes are observed, interacting with one or two iron sites. 
The frequencies of incidence are provided in Table 4-11. As mentioned previously, 
mixed-mode complexes are not included in these statistics. 
Table 4-11 	Observed frequencies of iron-acetate binding modes in the CSD. 
Mode 	 [1.10] -- 	[1.11] 	[2.11] 	[2.20] 	[2.21] 
Frequency 	6 	 10 117 4 4 
These figures show that the [2.11] bridging mode dominates iron-acetate 
coordination chemistry. It is logical to suppose that substituted acetates would 
interact similarly if all additional functionalities have a weaker affinity for iron than 
the carboxylate group, and are not in a position to form a stable chelate ring in 
conjunction with a carboxylate 0 atom. 
The irg anion falls into this category since its (p-toluyl)ethyl substituent is 
unlikely to influence the coordination of the carboxylate head group to iron. On the 
basis of charge alone, the neutral keto function is no match for the anionic 
carboxylate group in stabilising the ferric state. Furthermore, there is little chance of 
the keto function encouraging the carboxylate to move away from the stable [2.11] 
mode to help form a chelate ring. The smallest possible such ring would be seven-
membered. There are no examples in the CSD of iron chelated with a {OCCCO} 
fragment in which either 0 atom belongs to a keto group of this type. It is likely that 
the primary interaction between irg and iron resembles that of a simple acetate. This 
is borne out in crystal structures presented later (4.2.9, §4.4). 
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4.2.7 Extended Motifs with 12.111 Carboxylates 
By definition, all iron complexes containing [2.11] carboxylates have nuclearities 
greater than one. As well as the 117 iron complexes identified with simple acetates 
(Table 4-11), there are a further 172 iron complexes containing [2.11] carboxylates in 
which the acetates are substituted at C2. These 289 structures were analysed further, 
to identify structural motifs which recur in complexes containing multiple iron 
centres. 
Analysis of these 289 structures shows that in most of the cases featuring 
fragment Fig. 4-14(1), the Fe atoms are simultaneously bridged by a ji-O atom. The 
motif shown in Fig. 4-14(2) can be identified in 251 out of 289 structures. The 
motifs shown in Fig. 4-14 are intended to define connectivities only, and not 3-D 
stereochemistries. Fe---01—Fe angles range from 84.8° to 125.9°, with a mean of 
119.0°. The i-O atom can be provided by oxo, hydroxo, phenoxo, carboxylato or 
other species. 
Further analysis shows that a great many of the structures containing the motif 
in Fig. 4-14(2) can be extended to the description given by Fig. 4-14(3). 188 of these 
251 structures feature a pair of Fe atoms bridged by a t-O atom and two [2.11] 
carboxylates. The planes of carboxylate groups lie approximately perpendicular to 
one another in all but two structures. 02—Fe--03 angles are almost exclusively cis 
(83.7° to 103.1°, average 91.6°). The two exceptional cases involve macrocyclic 48 or 
Fe 	 Fe 	 Fe —or-- Fe 	Fe—O--Fe 	FeO 1—Fe—O---Fe 
5 	
0(O4 0 
Fe 	 Fe 
o 	I: Figure 4-14 
1 	 Extended motifs observed in 
iron complexes containing 
6 	 [2.11] carboxylates. 
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other multidentate 49  ligands which engulf the equatorial planes and force the 
carboxylates to coordinate trans to one another in axial positions. 
Further extensions of these motifs require iron nuclearities greater than two. 
The nuclearities of the 251 structures containing the motif in Fig. 4-14(2) are given in 
Table 4-12 
Table 4-12 	Nuclearities of [2.11] carboxylate-bridged iron-oxo complexes in the CSD. 
Nuclearity 	2 	3 	4 	5 	6 	7 	8 	9 10 11 12 13-17 18 	n 
Frequency 131 73 24 3 	9 	0 	1 	0 	3 	4 	3 	0 	1 
The statistics provided in Table 4-12 show that over half of the complexes 
containing the motif in Fig. 4-14(2) are dinuclear. Three fifths of complexes larger 
than this are trinuclear, one fifth are tetranuclear and the remainder have nuclearities 
ranging from five to eighteen. The structure whose nuclearity is given as n is 
polymeric. 
Of these 73 trinuclear complexes, 56 have the connectivity of Fig. 4-14(5). 
Three Fe atoms are attached to a planar .t3-OXO species which lies on a pseudo-D3h 
site. Each side of the {Fe 3O} 7 triangle is bridged by two [2.11] carboxylates, so that 
each Fe atom coordinates to four carboxylate 0 atoms. Octahedral environments are 
completed by terminal coordination of a neutral, terminal ligand to each Fe" site. 
The complex has a net charge of +1, which is balanced by a counter anion. An 
example of a structure with this connectivity is described later (4.2.8). 
Several of the remaining triiron complexes and those with higher nuclearities 
have the connectivity shown in Fig. 4-14(4). The 02—Fe--03 and 04—Fe--05 
angles tend to lie around 900  as discussed above, which implies that angles 
02—Fe--04, 03—Fe---05 and 01—Fe---06 are all trans around an octahedral iron 
centre. The respective Fe- Fe ... Fe angle can be linear 50  or otherwise 51  in smaller 
structures but must be bent in larger, cyclic structures. 52 
The frequencies with which the motifs in Fig. 4-14 are observed in the CSD 
suggest their stabilities and thus their contribution to polynuclear complex formation 
from solution. The relevance and applicability of these motifs to complex formation 
at surfaces should become apparent during the course of this exercise. 
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4.2.8 Crystal Structure Determination of Iron(III) Trimer 
4X2 [Fe3(j.3-0)(EtOH)3(Cii H23C00)6][CI]'2EtOH 
4.2.8.1 Results and Structural Account 
The metal-oxo core was found to be analogous to that shown in Fig. 4-14(5). 
Although the long aliphatic chain on the carboxylate did not affect the structure of 
the metal-oxo core, it produced interesting solid state packing effects. Lauric acid, 
Hlaur, (Fig. 4-15) is a component of some formulations used as anti-corrosives in 
coatings for iron and steel. 
Figure 4-15 
Lauric acid, Hlaur. 
HO 
The iron-oxo-carboxylate core is based on Fig. 4-14(5), with the octahedral 
coordination sphere of each Fe atom completed by a terminal ethanol ligand. This 
core is shown in Fig. 4-16, viewed along the pseudo three-fold molecular axis and 
onto the pseudo mirror plane. The alkyl substituents of the [2.11] laurate ligands are 
omitted. 
Figure 4-16 	The molecular core of crystal structure 4X2. The central {Fe 3(t3-0)} unit is 
shown as ball-and-stick, with the remaining atoms shown as cylinders. Alkyl chains on the 
laurate ligands have been omitted, as have primed atoms in the disordered ethanol ligand 2. 
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Crystal system, Space group 
a/A, b/A, c/A, 
u/A3 
Crystal description, Size/mm 
&/A, T/K 
No. of reflections for cell, 0-range/* 
Dr/Mg m 3 , p./mm 1 , F(000) 
Scan type, 0-range!° for data collection 
Absorption correction, Tmax Tmin 
Solution method, Program 
Refinement type, Program 
Total & Independent reflections 
Used & Obs. [F0 > 4c (F0 )] reflections 
Mean I/cy, Mean 1E 2 -i 
Restraints, Parameters 
Ri, wR2, S 
[Fe3(j.t 3-0)(EtOH) 3(laur) 6][Cl].2EtOH 
C52 H 168C1Fe3O 18 
1645.2, 4 
monoclinic, p i 2 1 /c 1 
21.716(7), 14.195(6), 32.339(11), 105.88(3) 
9588.3 
red block, 0.78 x 0.76 x 0.54 
0.71073, 293.0(2) 
30, lltol2 
1.140, 0.533, 3596 
o, 2.53 to 25.07 
tv-scans, 0.714, 0.568 
direct, SHELXS-86 
full-matrix least-squares on F2 , SHELXL-97 
19208, 16933 
16713, 9747 
0.2456, 6.82, 0.954 
418, 936 
0.0681, 0.1783, 1.028 
Largest residuals/e A 3 ; 	Max. LJc 	0.480, -0.453; 	0.001 
W 1 (where P= 1/3[max. (F02 , 0) + 2 Fe]) 	o 2(F02 ) + (0.0443P) 2 + 15.8111P 
The geometry of this unit is unremarkable, as indicated by the bond lengths and 
angles given in Table 4-14. Each Fe atom is a mildly distorted octahedron, with the 
largest angular deviation from ideality occurring at O1A—Fel--02F [167.11(15)']. 
All Fe—O bond lengths fall within the range 1.895(3) A to 2.068(3) A. The shortest 
Fe—O bonds are found at the oxo group and longest at ethanol ligands. The sum of 
angles at 43-0  is 360.0(6)°, denoting planarity. The three Fe ... Fe distances are 
Table 4-14 	Selected parameters derived from the crystal structure analysis of 4X2 
Bond /A Bond /A Bond /A 
Fel-OXO 1.895(3) Fe2-OXO 1.897(3) Fe3-OXO 1.897(3) 
Fel-01A 1.999(3) Fe2-02A 1.994(4) Fe3-01 F 1.984(3) 
Fel -02C 2.002(3) Fe2-01 B 1.998(3) Fe3-02B 1.986(3) 
Fel-02F 2.012(3) Fe2-01E 2.001(3) Fe3-01C 2.021(3) 
Fel-0113 2.016(4) Fe2-02D 2.003(3) Fe3-02E 2.032(3) 
Fel-01 2.068(3) Fe2-02 2.066(3) Fe3-03 2.047(3) 
Angle /° Angle /0 Angle /0 
Fel-OXO-Fe2 120.6(2) Fel-OXO-Fe3 120,4(2) Fe2-OXO-Fe3 119.0(2) 
02F-Fel -01 82.53(14) 01 B-Fe2-02 84.24(14) 02B-Fe3-03 82.37(13) 
02c-Fel -01 85.23(14) 02A-Fe2-02 85.10(15) 01 F-Fe3-03 85.14(13) 
O1A-Fel -01 85,28(15) 02D-Fe2-02 85.57(14) 01 C-Fe3-03 86.06(13) 
02F-Fel -010 85.61(14) 01 E-Fe2-02 86.09(14) 01 F-Fe3-02E 86.93(14) 
O1A-Fel-02C 87.2(2) O1E-Fe2-02D 88.2(2) 02B-Fe3-01C 87.22(14) 
01 D-Fel -01 88.47(14) 02A-Fe2-01 B 88.40(15) 02E-Fe3-03 87.94(13) 
01A-Fel-01D 89.9(2) 02A-Fe2-02D 90.4(2) 02B-Fe3-02E 91.36(14) 
OXO-Fel -02C 91.99(13) 01 B-Fe2-01 E 91.48(14) OXO-Fe3-01 C 92.56(13) 
OXO-Fel -01 D 94.39(13) OXO-Fe2-01 E 93.59(13) 01 F-Fe3-01 C 93.18(14) 
OXO-Fe 1 -02F 95.57(13) OXO-Fe2-02D 93.98(13) OXO-Fe3-02E 93.43(13) 
02C-Fel -02F 95.89(14) OXO-Fe2-02A 95.22(14) OXO-Fe3-01 F 95.59(13) 
OXO-Fel-01A 96.82(14) OXO-Fe2-01B 96.21(13) OXO-Fe3-02B 96.93(13) 
01 A-Fel -02F 167.11(15) 01 B-Fe2-020 169.81(14) 01 F-Fe3-02B 167.45(13) 
02C-Fel -010 173.28(14) 02A-Fe2-01 E 171.15(15) 01 C-Fe3-02E 17197(14) 
OXO-Fe 1-01 176.44(14) OXO-Fe2-02 179.45(14) OXO-Fe3-03 178.48(13) 
almost identical (3.27 A to 3.29 A). Carboxylate Fe-O---C angles range from 
125.8° to 134.8°. 
An extensive hydrophilic channel exists close to the metal-oxo cores in which 
hydrogen bonding occurs between ethanol ligands, solvate and chloride counter ions. 
Each CF is found to participate in hydrogen bonds to ethanol, with three similar 
Cl• •O distances of 3.0 A. 
A plot of the molecular cation complete with aliphatic chains is shown in Fig. 
4-17. The natural axes of all six undecyl groups lie almost parallel with one another. 
This direction makes an angle of approximately 65° with the triiron plane. 
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The trinuclear cores of adjacent complexes lie on the bc-plane of the unit cell 
and form sheets spaced asinfl = 20.9 A apart. This interplanar spacing is filled by 
undecyl chains which are fully extended (mean C2• •C12, 12.63 A) in the direction 
roughly perpendicular to the metal-oxo plain and lie parallel with others from the 
same and neighbouring complexes. 
A cross-section of the layer at (1 0 0)0.5 (Fig. 4-18) reveals the close-packing of 
these rod-like undecyl chains and interdigitation between adjacent layers. The view 
is down the molecular axis, perpendicular to bc. Each set of three laurate groups 
belonging to the same complex are coloured similarly. Those shown as plain spheres 
indicate that the metal-oxo core lies below the plain of the paper, and those that are 
cross-hatched from the layer above. 
166 
It can be seen that the close-packing is extremely efficient, with each chain 
surrounded by six others at a typical centre-centre spacing of 4 to 5 A. The six n.n.'s 
of any particular chain include two from that same complex, and three more from 
two complexes in the adjacent layer. There are two possibilities for the source of the 
sixth neighbour, that being another molecule in either the same or the adjacent layer. 
The crystal packing arrangement apparently satisfies the requirements of its 
different components. Hydrophilic moieties (the metal-oxo core, ethanol and 
chloride) provide one another with hydrogen bonding donor and acceptor 
capabilities, whereas the hydrophobic long-chain alkyl groups benefit each other with 
the greatest possible degree of vdW contacts. This structural arrangement appears to 
be a satisfactory means of distancing the contrasting components. 
4.2.8.2 Experimental and Refinement Procedures 
Crystals prepared by standard literature procedures 53  were supplied by Dr. D. A. 
Nation. 
The information contained in Table 4-13 implies one formula unit per 
asymmetric unit. All non-hydrogen atomic positions of the complex cation and 
counter-anion are ordered and were refined anisotropically, except for the two-fold 
disordered methylene carbon, C12, of an ethanol ligand. Relative contributions were 
refined freely and converged to 1:1. Their ADPs were constrained to be equal. 
Similarity restraints were applied to all equivalent 1,2- and 1,3- distances of the 
ethanol and laurate ligands. 
Although one of the solvate molecules is ordered, the methyl group of the other 
is disordered over three positions. Relative contributions refined to 0.41:0.32:0.27. 
Similarity restraints were applied to their geometries. All H atoms in the structure 
were placed in idealised positions. Placement of methyl and hydroxyl groups were 
supported with difference Fourier syntheses. The hydrogen bonding pattern was 
taken into consideration in the case of the latter. 
167 
4.2.9 Crystal Structure Determination of a Decanuclear Iron(HI) Wheel 
4X3 [Fe10(OMe)20(irg)10]•MeOH 
4.2.9.1 Results and Structural Account 
Several ferric wheels with this nuclearity have appeared 54  in the literature with 
different carboxylates. The preparation and characterisation of this high nuclearity 
core with the [2.11] carboxylate bridges provided by irg anions was relevant to the 
mode-of-action study of this inhibitor. 
The molecule is defined by a centre of inversion, and so there are five unique 
Fe atoms in the structure. Each pair of Fe atoms [mean Fe• . •Fe 3.021(5) A] are 
bridged by one irg ligand bound through its [2.11] carboxy late. They are also 
bridged by two [2.2] methoxides, one on the inner and one on the outer 
circumference of the wheel. The ten Fe atoms lie in a plane (mean deviation 
0.010 A), with half of the ligands on either side of this plane. This is depicted in 
Figs. 4-19 and 4-20, where the C atoms of the methoxides are coloured either blue or 
magenta depending on the side of the {Feio} plane on which they lie. 
Figure 4-19 	Molecular structure of 4X3, with unique Fe atoms and Irgacor ligands 
labelled. Default colour coding applies to all atoms except for C atoms of methoxide 
ligands. These are differentiated as blue or magenta depending on which side of the 
{Fe 1 0} plane they lie. 
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-, irgi 
Figure 4-20 	The ten metal atoms in 4X3 are almost coplanar. Colour coding as in Fig. 4-19. 
The keto functions of irg groups appear to play little part in the structure. 
Conjugation with the phenyl substituents is obvious from the near-zero values of the 
torsion 04—C4--05---C6 (see Table 4-17). The value of this torsion for irg4 
deviates from zero by more than five s.d.'s. This would constitute a real observation 
were it not for an intra-ring torsion deviating from zero by more than three s.d.'s, 
drawing attention to the poor data quality. As discussed in §4.2.2.2, conformational 
flexibility at Csp3 centres can occur about bonds C1--C2, C2-0 and C3—C4. 
Whereas in the cases of both the former and latter torsion angles the variance for the 
five ligands is reasonably small, values for the torsion about C2—C3 form two 
distinct clusters. The five ligands are overlaid In Fig. 4-21. In light of the 
conformational analyses and CSD searches performed in §4.2, these values equate to 
different minima for ligands irgl-3 and ligands irg4-5. 
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Figure 4-21 	RMS fit of the five independent irg groups in 4X3. The most marked 
differences are about torsion C1-C2-C3-C4. 0 atoms are shown as balls and C atoms as 
cylinders. Ligands irgl-5 are shown as red, blue, green, orange & magenta, respectively. 
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Crystal system, Space group 
a/A, b/A, c/A 
a!°, /3/0 	O 
u/A3 
[Fe10(OMe) 200rg) 10].MeOH 
C 1 3 1 H 174Fe 10O51 
3123.2, 1 
triclinic, P -1 
10.537(7), 18.856(6), 19.392(7) 
101.23(2), 105.36(2), 94.96(2) 
3605.1 
Crystal description, 	Size/mm yellow chip, 	0.49 x 0.16 x 0.16 
X/A, 	T/K 0.71073, 	150.0(2) 
No. of reflections for cell, 	0-range!° 70, 	2.5 to 15 
Dr/Mg m 3 , 	li/mm 1 , 	F(000) 1.439, 	1.059, 	1628 
Scan type, 	O-range/° for data collection e, 	2.55 to 22.50 
Absorption correction, 	Tmax 	Tmin qiscans, 	0.585, 	0.455 
Solution method, 	Program direct, 	SHELXS-86 
Refinement type, 	Program full-matrix least-squares on F2 , 	 SHELXL-93 
Total & Independent reflections 10712, 	9415 
Used & Obs. [F0 > 4a (F0 )] reflections 9271, 	3887 
Mean I/o 	Mean 1E2  _11 0.2007, 	3.03, 	0.923 
Restraints, 	Parameters 581, 	565 
Ri, 	wR2, 	S 0.1245, 	0.4007, 	1.023 
Largest residuals/e A 3 ; 	Max. A/a 0.596, 	-0.582; 	-0.002 
W 1 (where P= 1/3[max. (F02 , 0) + 2 Fe]) 2(F02 ) + (0.1393P) 2 + 35.54P 
A hint of secondary bonding interactions exists within the complex molecule. 
The phenyl rings of irg4 and irg5 lie partially on top of one another at a spacing of 
around 3.6 A, indicating t-7t stabilisation. The rings are a little way off being 
parallel, the angle between them measuring around 18°. There appear to be no other 
strong secondary interactions either within the complex molecule or in the crystal 
packing arrangement. 
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The structure confirms that the deprotonated irg molecule interacts with F eW 
atoms in the same way as a standard acetate. Neighbouring pairs of Fe atoms are 
bound by the carboxylate function in the [2.11] bridging mode. Although the 
structure is useful in confirming the absence of interaction between Fe atoms and the 
keto group C404, it does little to indicate why irg might provide a more 
pronounced corrosion inhibitive effect with iron than other substituted acetates. 
4.2.9.2 Experimental and Refinement Procedures 
Crystals were prepared by Dr. D. A. Nation according to published synthetic 
techniques. 54 
Structure refinement followed the standard scheme. All Fe and 0 atoms were 
refined anisotropically, although 0 atoms were restrained so that their UU 
components approximated to isotropic behaviour. With reflection data being rather 
weak (R a = 0.155), the number of parameters employed in the refinement was 
restricted by treating all C atoms isotropically. The refinement was supplemented 
with similarity restraints on all 1,2- and 1,3- distances on chemically equivalent 
ligands. 
Half of the methoxide groups exhibit disordered methyl groups, with their C 
sites split by up to 1.5 A. Of these five crystallographically independent groups, four 
form the inner circumference of the wheel. It is evident that within any one molecule 
major and minor components (primed and unprimed resp.) mutually exclude one 
another. Relative occupancies were therefore constrained to be the same for all five 
groups, a ratio which refined collectively to 0.61:0.39(2). 
A partially occupied molecule of methanol solvate was located on a general 
position in a difference synthesis. After constraining its isotropic thermal parameters 
to reasonable values and refining its site occupancy factor, its occupancy was set to 
0.50 implying one molecule per formula unit. 
All H atoms were placed in calculated positions and refined on a riding model. 
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Table 4-16 	Metal-oxygen bond lengths from the crystal structure analysis of 4X3 
Bond IA Bond /A Bond IA 
Fel-01F 1.969(13) Fe2-01D 1.966(12) Fe3-01I 1.963(13) 
Fel-011­1 1.980(13) Fe2-01B' 1.968(13) Fe3-01G' 1.972(13) 
Fel-01A 1985(12) Fe2-01I 1.989(11) Fe3-01B 1.988(10) 
Fel-0113 1.986(10) Fe2-01F 1.999(11) Fe3-01E 1.989(11) 
Fel-011 2.043(12) Fe2-021 2.007(13) Fe3-022 2003(11) 
Fel-025 2.059(10) Fe2-012 2.023(12) Fe3-013 2.025(9) 
Fe4-01 J 1.967(10) Fe5-01A 1.965(11) 
Fe4-01 G' 1.967(11) Fe5-01 J 1.965(11) 
Fe4-01 C 1.974(11) Fe5-01 H 1.970(13) 
Fe4-01 E 1.974(11) Fe5-01C 1.973(10) 
Fe4-01 4 2.030(10) Fe5-024 2.030(11) 
Fe4-023 2.065(9) Fe5-015 2032(9) 
Table 4-17 	Selected dihedral angles for irg groups in the crystal structure 4X3 
Torsion /0 Torsion Io 
021-C1 1-C21-C31 -36.9(19) Cl l-C21-C3l-C41 -68.7(25) 
022-C12-C22-C32 -18.0(19) C12-C22-C32-C42 -62.0(26) 
023-CI 3-C23-C33 -22.4(16) C13-C23-C33-C43 -69.3(21) 
024-C14-C24-C34 -40.6(19) C14-C24-C34-C44 +179.3(17) 
025-C15-C25-C35 -67.4(19) C15-C25-C35-C45 +172.5(13) 
C21-C31-C41-051 -174.8(19) 041-C41-051-C61 -5.0(24) 
C22-C32-C42-052 +168.7(18) 042-C42-052-C62 +5(4) 
C23-C33-C43-053 -176.9(16) 043-C43-053-C63 +0.7(21) 
C24-C34-C44-054 +153.1(21) 044-C44-054-C64 -19(4) 
C25-C35-C45-055 +178.7(14) 045-C45-055-C65 -4.3(19) 
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4.3 Evolution of Surface Binding Models 
It is appropriate to reiterate the major premise stated at the outset of the thesis. We 
believe that in the areas of metal surface modification which are important to us, the 
principal way in which such effects can be realised in any particular system is by the 
formation of stable complexes at the lightly oxidised metal surface by appropriate 
ligands. By this we infer the formation and persistence of a stable interface between 
ligand and substrate in which coordinate bonding is fundamental. 
The purpose of this mode-of-action study was to propose means by which Hirg 
might stabilise lightly oxidised iron surfaces. This has been approached by using 
molecular modelling techniques to which we could input structural knowledge about 
the interaction of irg anions with iron-oxo cores in well-defined solid state situations, 
namely single crystals. 
4.3.1 Specifications of the Pattern Match 
4.3.1.1 Geometry 
The main compounds present on the surface of lightly oxidised iron were discussed 
in §4.1.3. Their crystal structures were shown §4.1.4 and their calculated 
morphologies given in §4.1.5. In order to obtain models for lightly oxidised iron 
surfaces, there were a matrix of plausible compounds and low-index surfaces to be 
considered. The criteria employed in judging the suitability of model surfaces were 
based on assessing the chemical viability of their interaction with irg ligands, without 
the need for extensive reorganisation. 
It was established earlier that the principal interaction of the inhibitor with the 
surface is coordinate bonding to Fe 11 ' atoms through the deprotonated carboxylate 
head group. Furthermore, it has been established that the most important binding 
mode between Fe" atoms and the irg carboxylate group is the [2.11] bridge. 
An analysis of CSD structures containing carboxylates bound in this mode, in 
conjunction with the test query given in Fig. 4-22, shows that such Fe ... Fe distances 
vary between 2.74 A and 3.75 A, with a mean of 3.26 A (621 observations). This is 





CSD search query for a diiron fragment 
bridged by an oxygen atom and a [2.11] 
carboxylate. The Fe Fe distance was 
measured in each structure. 
These facts were used as criteria by which to assess model surfaces for use in 
simulations. Nearest-neighbour Fe . •Fe distances had to exist within the above 
range, preferably towards the mean. A structure was required whose product of 
reaction with the irg ligand, upon displacement of surface hydroxyl groups, resulted 
in neighbouring octahedral Fe atoms bound by a [2.11] carboxylate. 
4.3.1.2 Structural Prerequisites of a Model Surface 
Model surfaces were generated by considering plausible cleavage planes for each of 
the oxide crystal structures listed in §4.1.4 as discussed in §4.1.6. The surfaces 
generated in this way displayed a broad range of structural motifs and geometries. 
Many surfaces [e.g. lepidocrocite (0 2 O) o and wUstite (11 O)o] exhibited the 
features which are shown schematically in Fig. 4-23(1) (the surface normal is parallel 
with the side of the page). Although surface Fe atoms have octahedral geometries 
and bridged Fe ... Fe distances lie within the desired range, displacement of surface 
hydroxyls by the carboxylate group did not yield chemically reasonable models. 
Octahedral geometries at iron sites could only be retained by carboxylate substitution 
Figure 4-23(1) 
	
Figure 4-23(2) 	P 
F-6 	FV FV 
-'- L---' 	
A A 	
A-0--' 	 'Q 
A hydroxyl-bridged array of Fe atoms (1) which might exist at an iron surface. If the two 
red surface OH groups were substituted by a carboxylate ligand, retention of octahedral 
stereochemistry at Fe atoms would require the unlikely [3.22] binding mode (2). 
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in the [3.22] mode, as shown in Fig. 4-23(2). Searches of the CSD showed that 
although carboxylates are observed to bind in this way to some metal cations (e.g. 
Lit, Mn2 , Ag), they do not do so with iron. Since the motif is not observed in any 
ferric crystal structures, it is unlikely that the [3.22] bridging mode could have a 
significant role to play in the corrosion protection of iron by Irgacor. Such a binding 
interaction might be disfavoured on thermodynamic grounds, since significant 
inequalities in Fe—O bond lengths and Fe—O--Fe bond angles seems inevitable. 
A much more suitable structural motif was identified in three of the surface 
models, and this is sketched in Fig. 4-24(1). The three hydroxyl groups have been 
added where dangling bonds occurred from the lattice cleavage. It can be seen that 
substitution of the two red terminal hydroxyls by a carboxylate group would create 
the desirable [2.11] binding mode. In each of the three cases, the oxygen-bridged Fe 
atoms form parallel rows across the model surface (the horizontal direction in Fig. 
4-24). In each case, the Fe...  Fe distance along the row is around 3.0 A. The three 
surfaces differ in the spacing between these parallel rows. Their full specifications 
are detailed in Table 4-18. These three surface models were taken as being the most 
important in trying to rationalise the nature of the interaction of irg with iron 
substrates. 
Figure 4-24(1) 
OH 	OH 	OH 
• ,Ojj,,,, 	 ,, 
e.. 0 
O 	0 	0 
Figure 4-24(2) R 
OH 
°'" e F 	F 
OOP, 	
e0 
0 	0 	0 
Another hydroxylated iron surface motif (1). If the two red surface OH groups were 
substituted by a carboxylate ligand, retention of octahedral stereochemistry at Fe atoms 
would produce the more favourable [2.11] binding mode (2). 
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Table 4-18 	Geometric parameters of selected surfaces cleaved from iron oxide lattices. 
Compound Surface Surface cell dimensions 
A 	A 	o 	 £2 
u/I-k V/I-k 6V A/ti 
Fe ... Fe /A 
along row 
Fe- - -Fe /A 
between rows 
a-FeO(OH) (11 0)0.48 3.02 10.97 90 33.1 3.02 10.97 
-y-FeO(OH) (02-1)0 3.06 7.51 101.8 22.5 3.06 7.51 
Fe304  (001)0 5.94 5.94 90 35.3 2.97 5.94 
In the modelling experiments described from §4.3.2 onwards, each of the 
surfaces shown in Table 4-18 was considered. It can be seen that the bridged Fe -• -Fe 
distance is comparable for each surface. The major difference between the three is 
the spacing of these rows, the implications of which are discussed later. Only one of 
these cases will be described in detail and it is most logical, with lepidocrocite 
identified as the dominant corrosion product on steel (§4.1.3), to concentrate on the 
surface -y-FeO(OH) (0 2 -1)0. 
4.3.1.3 Surface Charge and pH Dependence 
The suggested structural mechanism has obvious implications on the charge and pH 
dependence of the surface binding reaction. Stumm categorises 55  this type of 
adsorption as a ligand exchange process, which is one of several types of surface 
complex formation reaction (the others being acid base equilibria, metal binding and 
ternary surface complex formation). He embraces the terminology of Schindler, who 
facilitated 56  the schematic representation of surface reactions and equilibria by 
considering the chemical reaction of a surface hydroxyl group, S--OH. Selected acid 
base ([1], [2]) and ligand exchange equilibria ([3], [4]) can be generalised as follows: 
S OH 	+ 	H . S 	OH 
S OH (+ 	0H) . 	 y 	(4- H20) 
S OH 	+ L 	- S 	L 	+OH 
2S OH 	+ 	L .. S2 	L 	+ 2 01-1 
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It is evident that the adsorption mechanism rationalised in §4.3.1.2 (Fig. 4.24) 
falls into category [4]. This equation is written in a way which infers initial net 
surface charge neutrality, and is applicable at the pH of zero point charge, If it 
is assumed that surface charge is established solely by proton exchange, one may also 
refer to the pH of point of zero net proton charge, The values of this quantity 
for magnetite, goethite, hematite and limonite are 6.5, 7.8, 8.5 and 8.5 resp. 56 
Equation [4] can be rewritten to apply to conditions in which the pH of the solution is 
below the pHpznpc  of the substrate: 
S OH + S OH2 + 	L - S2 _L + 	OH2 	+ Oft 
 2 S OH2 + 	L 	- S2 _ L+  + 	2 OH2 
Equations [5] and [6] may provide a more accurate description of the binding of the 
Irgacor anion to iron oxide surfaces in its role as a corrosion inhibitor in acidic 
media. Adsorption isotherm experiments of Irgacor in buffered methanol-water 
solutions on high surface area powdered goethite indicate stronger binding at 
progressively lower values of pH. These observations are in accordance with the 
better leaving group characteristics of terminal water molecules over terminal 
hydroxide groups. 
4.3.2 Structure of Lepidocrocite Surface 
The advantages of retaining 2-D periodicity on cleavage of a crystalline lattice to 
form a model surface were expressed in §3. All work done in these studies has 
involved this approach. 
The parameters which define the surface formed by cleavage of the 
lepidocrocite lattice at (0 2 -1) 0 were set out in Table 4-18. Eight surface cells are 
shown in Fig. 4-25 [(1) cross-section, (2) plan]. Atoms represented as ball-and-stick 
are the uppermost Fe atoms with their coordination spheres of five remaining 0 
atoms. Since Fe--O bonds have undergone cleavage in the decomposition of the 3-D 







Figure 4-25 	4u x 2v surface cells of the lepidocrocite (0 2 -1) 0 surface. Cell edges are 
indicated by black dashes, hydrogen bonds by blue dashes and dangling bonds by 
magenta dashes. Atomic colour coding is the default. Uppermost Fe atoms and their first 
coordination sphere 0 atoms are shown as ball-and-stick. All other atoms are shown as 
cylinders. (1) Cross-sectional view. (2) Plan view. 
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These coordinatively unsaturated Fe atoms form parallel rows v = 7.51 A apart. 
Along the length of the row, all Fe atoms are collinear and uniformly spaced at 
u = 3.06 A. The cleavage depth of 7 A is sufficient to maintain the coordination 
environments of several atomic layers beneath the surface. 
The modelling strategy has not attempted to elucidate any structural 
information below this point, and significant complexity would be introduced in 
probing the commensurate relationship or otherwise at the oxide-Fe ° interface. 
It is assumed that typical applications of Irgacor to iron or steel surfaces will 
almost exclusively exist in hydrated conditions. The dangling bonds and 
coordinative unsaturation shown in these figures have only a superficial meaning, 
and they are likely to be satisfied by the interaction of water. It is inferred that 
hydroxyl groups would bind to surface Fe atoms and protons to surface p.3-0 atoms. 
The ratio of p.5-1`e to 93-0 atoms at the model surface is 1:1, requiring the same 
OH- :H' ratio. These features could be integrated into the surface model. In Fig. 4-26 
additional surface hydroxyl groups and protons are highlighted in cross-hatching. 
This becomes important in later simulations (4.3.6.3). 
A further difference in the surface model Fig. 4-26 compared to that in Fig. 
4-25 is the size of the surface cell. This supercell created from 2u x v cells now has 
twice the area of the original. This created a repeat unit containing two p.5-Fe atoms 
which could bind one [2.11] irg ligand and so allowed periodic docking of the 
inhibitor with one irg per supercell. The supercell is denoted in uppercase, U x V. 
Figure 4-26 
Plan view of 2U x 2V 
supercells of the 
lepidocrocite (0 2 -1) 
surface. Dangling bonds 
have been satisfied by 
reaction of two molecules 
of water per supercell. 
stu 
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4.3.3 Surface Docking by Pattern Matching 
4.3.3.1 Dissection of the Model Complex into Dinuclear Fragments 
Models were obtained for the binding of irg anions to the lepidocrocite (0 2 -l) 
surface by pattern matching dinuclear fragments from the {Fe, o } wheel. 4X3. The 
crystal structure 4X3 was reduced to a non-periodic superstructure in the CERIUS2 
modelling environment to give a single complex molecule with point group C1 . This 
was dissected to leave the dinuclear fragment bridged by irgi. The first coordination 
spheres of the two Fe atoms were retained, producing a fragment with formula 
{Fe208(irg)}. This process was repeated for each of the unique irg groups (irg2-5). 
In total, five individual dinuclear fragments were produced with this same formula. 
As discussed in §4.2.9, the conformations of the five unique irg ligands in 4X3 
were essentially similar except for the dihedral angle C 1—C2--C3----C4. Ligands 1, 
2 and 3 were observed to exhibit gauche conformations, 4 and 5 anti conformations. 
Each of these possibilities had to be considered in docking the ligand onto the model 
surface. For the purposes of the surface pattern matching exercise, one conformer 
was chosen to represent each possibility. The dinuclear fragment involving irgi was 
taken to represent the gauche conformer and that with irg5 to represent the anti 
conformer. These two fragments will be denoted G and A resp. 
4.3.3.2 Docking of Fragments onto Lepidocrocite Surface 
The 2-1) periodic lepidocrocite surface shown in Fig. 4-25 was loaded into a model 
space within CERIUS2. Fragment G was also moved into this model space, where it 
could be manoeuvred relative to the mineral surface. It was brought towards the top 
of the mineral and its two Fe atoms overlaid with the two p. s-Fe atoms in the surface 
supercell. The geometrical correlation between bridged Fe . Fe distances had been 
established previously, and this could now be acknowledged visually. As well as 
superimposing the positions of Fe atoms, the best fit was obtained between nuclear 
positions of the {06} coordination spheres of fragment and surface. This model is 
denoted G1. An analogous model (denoted G2) was created with the dinuclear 
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fragment rotated through 1800  about the two-fold axis of the C00 group. A similar 
pair of models was obtained with fragment A. These are referred to as Al and A2. 
The four resultant models are shown in Fig. 4-27. The anti conformers in 
models Al and A2 are coloured orange. The gauche conformers in models GI and 
G2 are coloured purple. All models were created with 2-D periodicity. The figures 
show I U x 2V surface cells, accounting for the two ligands per plot. The 
acceptability of overlap of iron octahedra between the fragment and surface in all 
cases confirmed the plausibility of bridging neighbouring Fe atoms with a [2.11] 
carboxylate. Force-field treatment was required to properly assess the arrangements 






Figure 4-27 	Outcome of the pattern match between iron octahedra in dinuclear 
fragments from 4X3 and the hydrated lepidocrocite (0 2 -1) surface (Fig. 4-25). The 
two alternatives for the anti conformer are shown in orange (Al, A2), while those for 
the gauche conformer are shown in purple (GI, G2). The dimensions of the surface are 
lUx 2V, with one ligand per cell. All atoms are shown as cylinders, with the exception 
of the keto 0 atoms which are shown as balls. 
FEll 
4.3.4 Force Field Customisation 
The computational strategy most appropriate to the simulation of this system has 
already been established as being molecular mechanics based. In light of the 
experience gained from the simulation of the copper-benzotriazole interface, the 
universal force field was chosen as the basis of this approach. However, its 
implementation was modified in a number of ways from that used for copper. This 
was due to differences in the intrinsic characteristics of the copper-bta and iron-irg 
systems in respect to their amenability to force field treatment: 
All Fell ' atoms at the interface form just one coordinate bond to an irg 
carboxylate group, up to and including full monolayer coverage. The 
geometry of that bond relative to the oxygen anions in the lattice is fairly 
evident. In contrast, each interfacial copper atom may bridge two bta 
groups at monolayer and submonolayer coverage. Probing the relative 
geometry of those bonds with each other and with 0 anions in the lattice 
was a complicated issue. 
All interfacial Fe atoms are chemically equivalent at monolayer coverage, 
whereas inequivalent sites were identified in the models involving copper. 
Each carboxylate 0 atom lies in the same position as would an oxo anion in 
a continuation of the substrate. The octahedral {06} coordination geometry 
of each interfacial Fe" atom is retained when the carboxylate replaces a 
pair of hydroxyl groups in a substitution reaction. This differs from the 
copper-benzotriazole models, where coordination environments and 
stereochemistries changed over the interface. 
The coordination number (4.2.3) and stereochemistry (4.2.4) of 
interfacial Fe' 11 atoms can be predicted with a good deal more confidence 
than those of interfacial copper atoms bound to benzotriazole. It would be 
unjustifiable to fix those parameters in simulations with either Cu' or Cu". 
The irg ligand exhibits substantially more conformational freedom than bta. 
In particular, the relative orientation of its polar functionalities is free to 
vary, since they are connected by an acyclic bridge containing Csp3 atoms. 
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The logical conclusion of these arguments was to implement a strategy which 
would enable conformational freedom of the irg ligand and would illuminate other 
stabilising interactions. This contrasted with the treatment of the bta anion whose 
complete set of bonds, angles and torsions had been restrained. Conversely, the 
coordination mode of the irg head group and the stereochemistry of the interfacial 
metal atoms were much better defined and required fewer variable parameters. This 
meant that the oxy-hydroxide mineral lattice did not require as intensive a treatment 
as that afforded the cuprite lattice. Positions of all atoms derived from the 
lepidocrocite lattice were held constant, fixing the dimensions of the surface cell by 
implication. 
Apart from these differences in the simulation method, other aspects of the 
technique developed for the copper-bta system could be adopted here. The use of a 
substrate which retained 2-D periodicity seemed particularly important. This would 
minimise the number of parameters required to describe irg groups without placing 
restrictions on the flexibility of the molecule or on the surface area being modelled. 
A side-effect of this approach was its incompatibility with the charge 
equilibration method. This problem had been overcome for copper by creating a 
number of new Cu force field types which could reproduce observed crystallographic 
parameters for a range of complexes in the absence of partial atomic charges (PACs). 
A significant advantage of dealing with the ferric cation which exhibits a more 
predictable coordination geometry was its amenability to a more straight-forward 
force field treatment. Since all Fe, 0 and H atom positions within the lattice would 
be fixed, an extensive repertoire of force field types for iron was unnecessary. 
Only an octahedral FF type was needed, and this was partly provided in the 
UFF in the form of Fe6+2 (definition of nomenclature §3.6.1). This was customised 
for the current purposes by copying its attributes to a new FF type, Fe6 (this was 
integrated into the customised universal force field, CUFF). Modifications were 
made to the value of the natural radius so that Fe6 reproduced appropriate observed 
structures within acceptable limits when PACs were omitted. 
Since the binding mode and geometry of the carboxylate with the surface Fe 
atoms had already been established, an extensive parameterisation exercise was not 
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required. The molecular species from crystal structures 4X2 and 4X3 were used as 
candidate test specimens by which to establish the appropriate value of the natural 
radius for Fe6 in systems without PACs. The value of the natural radius for Fe6+2 
in the UFF is 1.335 A. Its value for Fe6 was iteratively modified until minimisation 
of the test molecules brought about the least degree of structural change. The final 
value converged at 1.43 A. This is an empirical parameter and is not comparable 
with the Shannon ionic radius for octahedral, high-spin Fe" (0.785 A). 
Observed bond lengths and angles around Fe atoms in 4X2 and 4X3 are shown 
in Table 4-19 alongside those obtained in minimisations where all Fe atoms were 
assigned as Fe6+2 and again as Fe6+2 (in all cases without PACs). The results show 
that Fe­-0 bond lengths and O—Fe---O angles have been reproduced within ranges 
which are deemed acceptable for the purposes of this exercise. They suggest that 
simulated values edge towards those anticipated for regular coordination polyhedra. 
This is a characteristic feature of force field methodologies in general. 
Table 4-19 	Comparison of observed and simulated geometries of iron complexes. 
Structural parameter Experimental UFF (Fe6+2) T CUFF (Fe6) 
4X2 
bond (Fe'-O)/A 	 1.895 to 2.068 	1.873 to 1.957 	1.969 to 2.042 
cis angle (0F& 11 0)I0 	82.4 to 96.9 	84.8 to 93.7 	85.8 to 92.9 
trans angle (O-Fe"-O)/° 	167.1 to 179.5 	174.2 to 178.6 	174.9 to 178.8 
4X3 
bond (Fe'-O)/A 1.963 to 2.065 1.890 to 1.981 1.982 to 2.058 
cis angle (0Fe 1 l0)/0 77.3 to 99.9 1 	81.9 to 95.3 82.5 to 94.6 
trans angle (0Feffl0)/0 168.0 to 175.5 172.1 to 176.0 171.3 to 176.0 
The force field type Fe6 has been shown to reproduce iron-oxygen geometries 
in two relevant crystal structures. Although not a comprehensive parameterisation, 
this sufficed to model iron-oxygen geometries in the manner being proposed. 
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4.3.5 Preliminary Simulations of the Interface 
4.3.5.1 Preparation of Models 
Model GI was developed for force field treatment. The {Fe 208 } component of the 
{Fe208(irg)} dinuclear template was deleted, leaving the irg anion in a position 
appropriate for [2.11] binding. A pair of bonds were defined between the 
carboxylate and the two surface Fe atoms to explicitly form the [2.11] bridge. 
All atoms were assigned with a PAC of zero. The CUFF was loaded and FF 
types defined as appropriate. The positions of all atoms originating from the 
lepidocrocite lattice were fixed with constraints, while those belonging to the irg 
ligand were freed of constraints or restraints. 
This procedure was repeated for models G2, Al and A2. 
4.3.5.2 Results and Discussion 
The energy of each model was minimised using CUFF according to the standard 
scheme. Selected bond lengths, angles and torsions involving non-hydrogen atoms in 
the irg ligands and the Fe atoms to which they are coordinated are provided in Table 
4-20. Values for all bond lengths and bond angles exhibit uniformity across each 
row. They are concordant with comparable parameters from 4X1, 4X2 and 4X3. 
This indicates that the CUFF has provided satisfactory simulation of 1,2- and 1,3-
distances. 
In accordance with typically lower energy barriers, many of the dihedral angles 
exhibit significant alterations from the starting structures. Those with the greatest 
changes in their magnitudes are highlighted with arrowheads in Table 4-20. The 
torsion C 1—C2--C3--C4 remains approximately anti in both Al and A2, while the 
values have parted by over 30° in the gauche starting structures. The torsion 
C2—C3--C4--04 has moved far away from zero in A2 and G2, each of which looks 
rather unlikely in light of equivalent values observed in the CSD [Fig. 4-10(2)]. The 
torsion between the keto and phenyl groups has been deformed out of plane to 
varying extents. This is borderline for Al and Gl, and is clearly unacceptable for G2. 
Several conformational aspects of these minimised models were clearly 
unsatisfactory. Improvements in the simulation method were evidently required. 
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Table 4-20 	Selected geometrical parameters from initial minimisations of four models. 
Parameter Al A2 GI G2 
Fe-01 /A 2.007 2,015 2.012 2.012 
Fe--02 /A 2.017 2.009 2.010 2.017 
cl-al /A 1.317 1.318 1.317 1.317 
C1-02 /A 1.318 1.317 1.318 1.320 
C1-C2/A 1.498 1.499 1.503 1.509 
C2-C3 /A 1.536 1.535 1.541 1.542 
C3-C4 /A 1.519 1.509 1.515 1.502 
C4--04 /A 1.221 1.220 1.221 1.216 
C4-05 /A 1.487 1.485 1.487 1.472 
C5-C6 IA 1.409 1.406 1.409 1.403 
C6--C7 /A 1.395 1.398 1.398 1.398 
C7--C8 /A 1.399 1.403 1.402 1.403 
CB-C81 IA 1.499 1.500 1.500 1.500 
C8-C9 /A 1.403 1.401 1.401 1.403 
C9-Cl0/A 1.398 1.398 1.398 1.397 
C10--05 /A 1.406 1.408 1.408 1.403 
Fe--01--CI /0 127.3 127.1 127.2 127.4 
Fe-02--C1 /0 126.9 127.4 127.3 127.4 
01-Cl--02/0 125.9 125.9 125.9 125.5 
O1-C1--C2 /° 116.4 117.5 116.8 115.7 
02-Cl-C2/0 117.6 116.6 117.3 118.8 
C1-C2--C3 /° 114.4 110.9 112.5 114.7 
C2-C3--C41° 111.2 111.8 114.6 111.5 
C3--C4-04 /0 119.0 119.1 113.7 119.6 
122.9 121.6 121.0 121.2 
04--C4--05 /0 118.1 119.3 119.2 119.2 
Ring C--C---C mm. /0 118.5 118.8 118.7 119.4 
Ring C-C--C max. /° 120.8 120.6 120.6 120.3 
Fe-01---C1-C21 0 -169.4 -179.7 176.3 -173.6 
Fe-02--Cl-C210 169.6 179.6 -175.3 173.6 
O1-C1-C2--C3 /° -120.2 -113.3 -137.8 173.2 
02-C1--C2--C3 /° 64.0 68.4 41.7 -5.7w 
C1-C2-C3--C41° -173.3 -167.1 54.5- 90.0 
C2--CV-C4-04 /0 10.0 -40.1 11.7 -51,9' 
04-C4-05-C6 /0 10.0 25.9 -15.7 50.9 
Footnote: The symbols 	and ' mark dihedral angles whose magnitudes show significant 
increases and decreases from starting values. 
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4.3.6 Application of Harmonic Geometry Restraints 
A assessment of the relative merits of the four models from the initial minimisations 
was hindered by the discrepancies of several torsions from values observed in crystal 
structures. This was most substantial for 04—C4-----05—C6 which exhibited 
deformation from planarity of up to 51° in the minimised structures. This effect was 
partly caused by the omission of PACs on the system. 
It was reasonable to augment the forcefield minimisation with a harmonic 
restraint to return this torsion towards zero. A torsion restraint with K 1 
1000 kcal mol' rad 2 was set for W0= 00  in each of the four models. 
4.3.6.1 Results 
After repeating the minimisations with these restraints added, all bond lengths and 
bond angles remained essentially the same as before. The torsion on which the 
restraint had been applied was brought to zero in all cases. Consequently, the degree 
to which the other torsions were affected depended on the extent to which the 
restrained torsion had to be altered. Their final values are listed in Table 4-21. 
Table 4-21 	Selected dihedral angles from restrained minimisations of the four models. 
Parameter Al A2 GI G2 
Fe—01—C1--C2 /° -168.7 -179.9 175.2 -178.9 
Fe-02—C1--C2 /° 168.9 178.7 -174.6 178.8 
01—C1--C2—C3 /0 -118.4 -135.4 t -124.3 t 155.7 
02—C1—C2---C3 /° 66.1 47.0 t 54.8 t -25.4 
C1—C2---C3--C4 /° -173.4 -172.1 59.8 95.2 
C2--C3--C4--04 /0 11.9 -9.0 12.1 -96.7 
04—C4--05--C6 /° 0.0 t 0.1 -0.2 t -0.6 
Footnote: The symbol 4 marks torsions which have altered by at least 10 0 since the initial 
minimisation. 
Model Al was relatively unaffected by the application of the restraint. The 
alternative anti conformer was affected more, with four torsion angles changing by 
more than 10° to absorb the 26° change in the restrained torsion. The torsion 
CI—C2--C3--C4 remained anti. As well as the restrained torsion, two torsions in 
model GI changed by more than 10° to absorb the 16° change in 04—C4--05---C6. 
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Model G2 was the most drastically affected since the restrained torsion required a 
500 change to reach planarity. Three other of its torsions changed by more than 100. 
Torsion C2—C3--C4---04 changed by 450  to -96.7°. Such a value is rare in 
analogous fragments from crystal structures [Fig. 4-1 0(2)]. 
4.3.6.2 Discussion 
These four models (Fig. 4-28) are appropriate for comparison with one another. All 
equivalent bond lengths and angles are similar. The keto and phenyl groups are 
coplanar with each other, like they were observed in 4X1 and 4X3. The only 
differences between them are the dihedral angles listed in Table 4-21. Since the 
models have all been treated in the same way, they are on a level footing for 
assessing their relative merits. This forms a reasonable basis on which to evaluate 
their relevance to the surface protection mechanism. 
The four alternative models are shown in cross-section in Fig. 4-28 and in plan 
in Fig. 4-29. If we assume that the binding mode of the carboxylate has been defined 
correctly, the models can be used to explore possible roles for the other parts of the 
irg molecule. 
Closer analysis of the models proves to be revealing. Although neither of the 
anti conformers are as informative, both of the gauche models are relevant to an 
understanding of surface stabilisation. 
There are two features common to models GI and G2 which may help to 
explain surface complex stability: 
The proximity and directionality of the keto group to the underlying mineral 
surface. The closest keto 0 to surface 0 atom distance is 3.86 A in GI and 
3.19 A in G2. It is possible that relatively minor conformational rotations could 
bring these into the realm expected for medium strength hydrogen bonds. 
Efficient surface coverage formed by contiguous packing of para-tolyl 
substituents. These could form an effective hydrophobic layer which might be 
important in restricting the transport of ions between metal surface and aqueous 
solution. 
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These features seem more important for the gauche models than for the anti 
models. By definition, the conformer with anti dihedral angle at C1—C2--C3--C4 
has the keto group facing in the opposite direction from the carboxylate group. If the 
latter is bound to the surface, the former must point away from the surface. As well 
as its inability to interact with the underlying plane, its exposure results in an 
interface with a more hydrophilic than hydrophobic character. With the keto group 
directed away from the surface, the coplanar para-toluyl group lies almost 




Figure 4-28 	Energy minimised models resulting from the binding of irg anti (Al, A2) 
and gauche (GI, G2) conformers extracted from 4X3 onto the lepidocrocite (0 2 1) 
surface. The mineral lattice was constrained and the torsion between the keto and phenyl 
groups restrained. All atoms are shown as cylinders except for keto 0 atoms and the 
interfacial Fe atoms to which Irgacor anions are attached. Default colours are used 
except for the latter, which are highlighted in a darker green. Each model is periodic and 
contains 2U x 2V surface supercells. 
'-" G2 
I 
neighbouring groups. These structural characteristics are evident from Fig. 4-28 and 
Fig. 4-29. 
The gauche conformer has the keto group facing in a similar direction to the 
carboxylate group. When the latter is attached to surface Fe atoms the keto function 
is also predisposed towards the mineral surface. Another consequence of the gauche 
torsion is a lower angle of incline between the plane of the mineral surface and that 
of the phenyl group. The improved packing arrangement which this enables can be 





Figure 4-29 	The same models as in Fig. 4-28. Each view is perpendicular to the 
surface and shows 3U x 3V supercells. The underlying lattice is shown as ball-and-stick, 
while irg ligands are shown with their vdW radii to show the varying surface packing 
efficiencies. All atoms are shown with default colours except for keto 0 atoms which are 
highlighted in yellow. 
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The energy minimisations have so far been dominated by inter-ligand 
interactions. These have brought about alternative packing arrangements of irg 
groups on the lepidocrocite surface. Energetically favourable interactions between 
the ligand and the underlying surface, except for the primary coordinate attachment, 
have been excluded thus far. This has been achieved by artificially avoiding any 
presence of surface hydrogen bonding donor functionality. Surface 13-oxo groups 
were not protonated. Also, the lepidocrocite surface was taken with the direction of 
O—H . O contacts pointing downwards into the bulk (see cross-sectional plots). 
This provided assurance that the resultant position and directionality of keto groups 
in the gauche models was a stable packing arrangement in its own right. 
4.3.7 Exploration of Hydrogen Bonding to the Keto Group 
Hydrogen bonding between the keto group and the mineral surface was now 
'switched on' to test if this could be feasible. By inverting the directionality of 
hydrogen bonding within the underlying lattice, each of the uppermost p.-OH groups 
was converted into a potential donor. Protonation of each of the surface J.13-0 atoms 
had a similar effect. The justifications for doing this were explained in §4.3.2. The 
molecular mechanics simulations were now extended to probe hydrogen bonding 
stabilisation in conjunction with [2.11] coordinate attachment and the efficient 
surface packing arrangement already observed. 
4.3.7.1 Methodology 
The examination of possible hydrogen bonds using a force field methodology is 
analogous to the examination of covalent bonds. All connectivities must be defined 
in the starting structure, and this has a definitive impact on the minimised structure. 
Models GI and G2 were investigated with a range of alternative hydrogen bond 
connectivity definitions. With four surface hydroxyl groups in the surface supercell, 
a number of possible hydrogen bond patterns existed for each model. All appropriate 
standard, bifurcated and trifurcated hydrogen bonds were analysed. Since the UFF 
(and thus CUFF) is not equipped with hydrogen bonding parameterisation, they were 
defined using harmonic geometry restraints. The restraints were used to manipulate 
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the disposition of the keto group with respect to various nearby surface hydroxyl 
groups and were chosen to produce a medium-strength 32  C=O H—O hydrogen 
bond. A series of minimisations was performed, considering all the potential 
contacts for the keto group in each model. Applicable O O distance restraints were 
chosen as 2.90 A and CO . 0 angle restraints as 1300.  These values were 
established from relevant structural observations (§4.4.1). All other aspects of the 
minimisations were the same as before. 
4.3.7.2 Results and Discussion 
The resultant models were again assessed on a structural basis. In many cases, the 
hydrogen bond(s) which had been defined in the starting structure were clearly 
unattainable. This was because the restraints were either unable to achieve the 
requested hydrogen bond geometry or else produced it at the expense of other 
structural parameters. Bond length and bond angle deformation, for example, 
indicated that the hydrogen bond restraints were inappropriate and that those models 
were structurally unfeasible. There were other cases in which conformational strain 
was evident. The eclipsing of methylene protons, for example, was an undesirable 
result. 
Two structures were achieved which exhibited good hydrogen bonding 
geometry. Since two-dimensional periodicity was employed throughout and all the 
available surface binding sites were saturated with irg ligands, the forcefield 
continued to take account of intermolecular packing contacts. The hydrogen bonds 
thus existed in harmony with acceptable values of bond lengths, angles and torsions 
for the overall structure. 
The most feasible hydrogen bonded structure derived from GI is denoted GI H 
and that from G2 as G2H. These hydrogen bonded models are plotted in Fig. 4-30 as 
cross-sectional views of 3 U x 2 V surface supercells. Selected geometrical parameters 
from each model are contained in Table 4-22, alongside analogous values from 
crystal structure 4X3 (gauche ligands only, irgl-3). This comparison is useful 
because it indicates the extent to which individual dihedral angles have changed in 





Figure 4-30 	The final molecular mechanics models for Irgacor ligands bound 
to the ( 0 2 -1) surface of lepidocrocite, showing 3U x 2V surface supercells. The 
dihedral angle C1—C2--C3--C4 is always gauche. The simulations show that 
there are essentially two alternative means of hydrogen bond formation between 
the keto 0 atom and surface hydroxyls. GIH involves a standard hydrogen bond 
with the 93-OH group which bridges the carboxylate group of the same molecule. 
G2H involves a trifurcated hydrogen bond pattern with two 1i-OH and one 1.i 3-OH 
groups which bridge Fe atoms in the neighbouring row. These surface hydroxyl 
groups and the Irgacor keto 0 atoms are highlighted as ball and stick. 
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Table 4-22 	Selected geometrical parameters to compare gauche Irgacor ligands in 











distance (Fe.. .Fe) /A 3.029(8) 3.018(9) 3.024(7) 3.060 3.060 
distance (Fe--01) /A 2.043(12) 2.023(12) 2.025(9) 2.015 2.072 
distance (Fe-02) /A 2.007(13) 2.003(11) 2.065(9) 2.015 1.935 
torsion (Fe-01--C1--C2)/° 181.9(13) 180.7(13) 185.2(11) 166.7 177.6 
torsion (Fe-02--C1---C2) /° -181.5(13) -181.2(14) -184.4(11) -166.9 -175.6 
torsion (01-C1--C2--C3) /0 -153.3(19) -164.7(19) -163.5(15) -115.9 -6.7 
torsion (02-C1--C2--C3) /° 36.9(19) 18.0(19) 22.4(16) 59.7 175.6 
torsion (C1-C2--C3----C4) I° 68.7(25) 62.0(26) 69.3(21) 49.4 71.6 
torsion (C2-C3---C4----04) /0 -3.5(23) 10.3(32) -7.9(27) -8.7 -17.6 
distance [(C=)0..•0] /A N/A N/A N/A 2.929 2.914 
2.837 
2.841 
angle [C=O. .0(H)] /0 N/A N/A N/A 129.7 147.2 
141.0 
139.9 
Both models contain one irg ligand per surface supercell, in which the 
carboxylate is bound to Fe atoms in the [2.11 ] bridging mode. The geometry of their 
coordination interactions are similar. The difference in length between the pair of 
Fe--O bonds in G2H seems a little excessive, although is still feasible (Fig. 4-11). 
The geometry of the {Fe(OCO)Fe} unit is more planar in G21-1 than in G1 H. 
The values for the pair of torsions 0 1-C l-C2--C3 and 02-C 1-C2--C3 
deviate between the observed and simulated structures. The difference for G21-1 is 
not as great as it first appears: values with ±180° can be taken as equivalent by virtue 
of the pseudo-C2 symmetry axis of the carboxylate. Taking supplementary angles 
and allowing for three s.d.'s, the three observed ligands in 4X3 exhibit values across 
the range 9.6° to 42.6° (for irg2 and irgl resp.). The torsions in G2H fall within 3 0 of 
the lower end of this observed range which is an acceptable agreement. Those in 
GI H fall within 17° of the upper end. Although this is a more significant disparity, 
its qualitative implications are less severe for the dihedral angles about this 
Csp2-Csp3 bond than for those around a Csp3-Csp3 bond. 
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The torsion C 1—C2---C3--C4 remains roughly gauche in both of the surface 
models. Although G2H is in better agreement than GIH with the ligands from 4X3, 
both models are consistent with the conformational analysis of the free Hirg molecule 
and relate to the same local energy minimum [Figs. 4-9(1) and 4-10(1)]. The pair of 
simulated values of the torsion C2—C3--C4--04 are in good agreement with the 
three observed values. They relate to the same local minimum as that identified in 
Figs. 4-9(2) and 4-10(2). 
4.3.7.3 Implications of Model GJH 
The hydrogen bond geometry for GI H is satisfactory. The resultant values of the 
restrained distance and angle are close to those sought. This indicates that the 
restraints were reasonable. Since this geometry has been achieved in conjunction 
with sensible parameters for all other aspects of the structure, the model propounds 
two conclusions: 
It is structurally feasible to surmise that a hydrogen bond could exist between the 
neutral keto group of the irg ligand and a surface hydroxyl group which bridges 
the same pair of Fe atoms as the carboxylate head group of that same molecule. 
Such a hydrogen bond could exist in conjunction with reasonable ligand 
conformations, in particular a gauche conformation at C1—C2--C3--C4. 
Hydrogen bond formation would give rise to thermodynamic and kinetic 
stabilisation of the irg ligand on the mineral surface in addition to that provided 
by the primary coordinate attachments. 
The Irgacor groups are efficiently arranged beside one another in a close packed 
formation which could constitute a protective layer. The largest hole that exists 
between adjacent groups has a radius of only 0.7 A (cf. vdW radii of Fe, 0 and Cl 
atoms are 1.26 A, 1.52 A and 1.75 A resp.). The irg monolayer could limit the 
transport of species between the iron oxide substrate and bulk solution. 
Furthermore, with all three irg 0 atoms positioned closest to and directed towards 
the mineral surface, the tolyl substituent is directed upwards from the surface. 
This provides the top of the contiguous layer with hydrophobic character. This 
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property could enhance the film's ability to limit the ingress and egress of 
corrosion-promoting ionic species. 
4.3.7.4 Implications of Model G2H 
The largest hole in this layer has a radius of 0.8 A. The hydrogen bond geometry 
for G2H is also satisfactory. This density of surface hydroxyl groups could permit 
trifurcation. At lower densities, bifurcating or conventional hydrogen bonding, both 
subsets of this model, might be more plausible. The structural feasibility and relative 
thermodynamic strengths of these arrangements are difficult to assess. Small 
molecule structures which contain a keto group accepting hydrogen bonds from one, 
two, three 57  or even four58 hydroxyl groups are common in the CSD. A pertinent 
example of a known 59  structure containing a 3d metal-hydroxy core bound by 
bifurcating keto groups is shown in Fig. 4-31. 
The overall implications of G2H are the same as those put forward for 01 H. 
This computational methodology cannot further differentiate between them and has 
thus arrived at the proposal of two models to account for the mode-of-action of 
Irgacor on iron surfaces. The difference between them is fairly subtle, and both are 
chemically and structurally feasible. 
0 
Figure 4-31 	Two views of the biscubane-based crystal structure of 
[Mn7(CO) 18(93-OH)8].3PhC(0)Ph2CHCI3. Each benzophenone molecule hydrogen bonds 
to two hydroxyl groups in the core. Mn atoms are shown in pink. CO groups are omitted. 
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4.4 Validation of Intramolecular Hydrogen Bonding 
The surface binding models GI H and G2H were the culmination of a series of 
rational steps involving the iron substrate, the Hirg ligand and their means of 
interaction. Crystal structures provided strong evidence about the nature of the 
principal attachment, namely the [2.11] coordination of the deprotonated carboxylate. 
This in turn defined the atomic topology required of the candidate model surface. 
Crystal structures also provided a wealth of information about Hirg conformational 
characteristics, which were duly used to assess the feasibility of interfacial models. 
The following crystal structure illustrates hydrogen bonding stabilisation between the 
irg keto group and bridging hydroxides. This validates the proposal of hydrogen 
bonding in the surface models. 
4.4.1 Crystal Structure of an Undecanuclear Iron -Oxy-Hydroxy Cluster 
4X4 [Fell ( ~13-0)6( Vt3-OH)6(irg)15] -Et2O-3MeCN-0.5H20 
Crystals were prepared by Dr. D. A. Nation using published synthetic procedures. 60 
The metal sites (Fig. 4-32) form a distorted trigonal prism (defined by Fe3, 4, 
6, 7, 9, 10) with two iron atoms (Fe 1, 2) capping the triangular faces and three iron 
atoms (Fe5, 8, 11) capping the rectangular faces. Holding the metal cluster together 
are six t 3 -oxo ions lying within the polyhedron and six j.1, 3 -hydroxo groups lying on 
its surface. With one molecule per asymmetric unit, the inversion centre relates 
neighbouring complexes. This symmetry is lower than that of a structure with very 
similar composition published  60 by Lippard et al. which has C3 point symmetry. 
The 3 -oxo ions bridge between one Fe atom on a vertex, one capping a 
triangular face and one capping a square face (e.g. Fe2, 9, 11), whereas the 
j.i3-hydroxo groups bridge two metals at the vertices and one capping a rectangular 
face (e.g. Fe9, 10, 11). Completing the coordination requirements of Fe" ions are the 
carboxylate 0 atoms of fifteen irg ligands which each bridge pairs of adjacent edge-
sharing pseudo-octahedral Fe" sites. The Fe—O(oxo) bond lengths are much shorter 
[av. 1.909(17) Al than the Fe-0(hydroxo) bond lengths [av. 2.096(40) A] allowing 
clear distinction between these two ligand types. All irg ligands bind to adjacent Fe ll '  
ILTA 
atoms through the carboxylate function in a [2.11] bridging mode. Although the keto 
0 atoms of irg ligands are not coordinated to metal ions, they act as hydrogen bond 
acceptors for four (09-12) of the six .0-hydroxo groups on the surface of the 
iron(III)-oxo cluster. Three of these irg groups (irgA-C) bridge the parallel edges of 
the prism and exhibit similar geometries (0.. •0 2.87, 2.88, 2.91 A resp.). The fourth 
ligand (irgH) bridges across a rectangular face and makes a weaker hydrogen bond 
(O• •0 3.23 A). Nonetheless, all four have a similar conformation (Fig. 4-33, Table 
4-24) and in particular gauche torsions at C 1—C2--C3-----C4. The reason why two 
(07, 8) of the six bridging hydroxide ions are not involved in a similar interaction 
with a nearby irg ligand is unclear. Although 07-1-17 forms a hydrogen bond to a 
molecule of acetonitrile solvate, 08 makes no contacts. Of the other irg keto groups, 
only one is hydrogen bonded (to a water molecule in the lattice). 
Figure 4-32 	Molecular core of crystal structure 4X4 viewed along the pseudo 3-fold 
axis. The eleven iron atoms are shown as green balls and labelled with green numbers. 
The six oxide ions are highlighted with a yellow dot. The six hydroxide ions are labelled 
with red numbers. The four irg ligands (A, B, C, H) which form hydrogen bonds (beige 
dashes) are shown in full. For the others, only the acetate head group is shown for clarity. 
Figure 4-33 
RMS overlay of the four 
hydrogen bonding irg 
ligands in 4X4. Each of the 
four fragments shown has 
formula {Fe207(OH)(irg)}. 
Hydrogen bonds are shown 






Table 4-23 	Experimental data for the X-ray diffraction study of compound 4X4. 
Molecular formula 	 (Fe 1 1 (0)6(OH)6(irg) 15].Et20.3MeCN'0.5H20 
Empirical formula 	 C 175H 191 Fe 1 1N3085 
M, Z 	 3886.7, 2 
Crystal system, Space group 
a/A, b/A, c/A 
a!°,  
u/A3 
Crystal description, Size/mm 
x/A, TIK 
Triclinic, P-I 
19.534(8), 21.320(11), 22.821(14) 
83.71(4), 74.13(4), 80.67(3) 
•1SS 
Orange-brown lath, 0.39 x 0.27 x 0.12 
0.71073, 220.0(2) 
No. of reflections for cell, 0-range! 0 	42, 5 to 11.5 
DJMg m 3, Wmm', F(000) 	 1.434, 0.944, 4032 
Scan type, 0-range/ 0 for data collection o, 2.51 to 21.06 
Solution method, Program 	 direct, SIR-92 
Refinement type, Program 
Total & Independent reflections 
Used & Obs. [F0 > 4c (F0 )] reflections 
Restraints, Parameters 
Ri, wR2, S 





0.0872, 0.2501, 1.026 
Largest residuals/e A 3 ; 	Max. A/cy 	0.907, -0.627; 	0.035 
W' (where P = 1/3[max. (F02 , 0) + 2 F] ) a2(F02) + (0.0998 P)2 + 49.26 P 
Wst 
4.4.2 Implications on the Surface Models 
The crystal structure 4X4 supports the surface binding models established previously 
(4.3.7). It provides substantive evidence that the hydrogen bond donor 
characteristics of the keto group can be an important source of stabilisation in 
conjunction with the [2.11] coordinate interaction of the carboxylate group. 
The fragments shown in Fig. 4-33 can be identified in the surface model GIH. 
The confonnations of the hydrogen bonding ligands in 4X4 were compared with 
those from the two surface models, GI H and G2H. The observations from 4X4 were 
added to the data previously used to compare the structures 4X3, GI H and G211 
(Table 4-22). A comprehensive correlation between the two observed crystal 
structures and two surface binding models is given in Table 4-24. 















Fe ... Fe /A 3. 021(5)a 3.132(3) 3.160(3) 3.166(3) 3.015(3) 3.060 3.060 
Fe-O IA 2. 032(19)a 2,048(9) 2.050(8) 2.068(8) 2.069(8) 2.015 2.072 
Fe-O/A 2.032(19)a  2.005(9) 2.013(8) 2.009(8) 2.010(8) 2.015 1.935 
Fe-01-C1-C2/° 184(3)b 156.0(19) 158.1(8) 158.9(9) 151.4(9) 166.7 177.6 
Fe-02-C1-C2 /0 183(3)b -151.5(8) -146.8(9) -149.9(9) -162.6(8) -166.9 -175.6 
O1-C1-C2-C3 /0 161(5)b -135.9(12) -139.2(12) 1-140.9(12) -148.0(12) -1159 -67 
02-C1-C2-C31° 26(8)b 45.4(15) 37.2(16) 38.2(16) 30.9(17) 597 175.6 
C1-C2-C3-C4 /0 67(4)b 58.0(15) 57.7(15) 53.7(16) 52.4(17) 49.4 71.6 
C2-C3-C4-04/° 0(8)b -3.8(19) -1.5(17) 4.8(19) -1.6(21) -8.7 -17.6 
(C=)OO/A N/A 2.870(12) 2.879(12) 2.908(12) 3.233(12) 2.929 
2.86(3)c 
N/A 124.4(10) 129.4(10) 126.3(10)137.5(10) 129.7 143(3)0 
Footnotes 
Italics indicate averages and are accompanied by standard deviations from the mean. 
a Average values for the five crystallographically unique ligands, irgl-5. 
b Average values for the three crystallographically unique ligands, irgl-3, with gauche 
conformations C1-C2--C3--C4. 
c Average values for three trifurcated hydrogen bonds. 
Blue indicates agreement with observation to within 10 0 . Red indicates disagreement. 
The observed (crystal structure) and calculated (surface) geometries defined in 
Table 4-24 are generally similar. The most important dihedral angle has previously 
been identified as rotation around the Csp3—Csp 3 bond. Values are all fairly close to 
gauche. For most rows in the table, deviations between observed and calculated 
values are no greater than the range of the observations. The most significant 
exceptions are the pair of related torsions 01—Cl---C2--C3 and 
02--C l--C2--C3. Compared to all of the observations, these torsions are closer to 
planarity in G2H and further from it in GI H. The final exception is the torsion 
C2—C3---C4--04 for G2H (-17.6°) which would be more representative if it was 
closer to zero. Given that this model may benefit from greater secondary bonding 
stabilisation than GI H, some conformational deviation is allowable. 
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4.5 Conclusions 
The molecular modelling studies have made use of an array of crystal structural 
observations to provide a comprehensive analysis of the mode-of-action of surface 
protection of iron and steel by Irgacor. In addition to confirming that the primary 
interaction is likely to be [2.11] coordinate bridging of a pair of adjacent surface Fe 
sites through the anionic carboxylate head group, two further factors have emerged 
which explain the pronounced surface activity exhibited by Hirg: 
Hydrogen bond formation between the keto group 0 atom and one or more 
surface hydroxyl groups. This implies greater stability and persistence of the 
surface complex. Direct evidence has been established for the existence of such a 
motif in a polynuclear complex. 
Efficient and contiguous packing on the y-FeO(OH) (0 2 -l) o surface. The 
hydrophobicity of the monolayer was found to be improved by the existence of 
para methyl substitution on the phenyl ring. Without that group, the layer was 
more open and may be less protective against surface dissolution (corrosion). 
Two other iron oxide surfaces were identified with similar characteristics to 
y-FeO(OH) (0 2 -l)o. These were a-FeO(OH) (11 0)0.48  and Fe304 (0 0 l) o (Table 
4-18). Compared with an area of 45.0 A2 per binding site for the lepidocrocite 
surface, the goethite model implies 66.1 A2 and magnetite implies 35.3 A2 per 
surface binding site for the irg adsorbate. Equivalent models for the surface complex 
indicated that on goethite the monolayer was more open and therefore less protective. 
On magnetite, saturation of surface sites could occur with the same [2.11] coordinate 
interaction, but this presented too much steric bulk to allow for the secondary 
stabilisation by hydrogen bond formation. This implies that either the hydrogen 
bonds would not be formed, or that some Fe sites would not be complexed by 
carboxylates. In both cases the surface complex is less protective than that on the 
lepidocrocite surface. Acknowledging that adsorbates can bring about surface 
reconstruction and recrystallisation, 61 these are interesting issues and this work would 
benefit significantly from an ability to probe the underlying mineral structure. 
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The models offer a rationale for the differences observed in the adsorption 
characteristics between Hirg and related molecules (Fig. 4-2). The greater binding 
strength of Hirg over Hptba (Fig. 4-2) can be accounted for by the inability of the 
ptba adsorbate to benefit from hydrogen bond stabilisation. Modelling indicates that 
the same is true for the cyclohexyl derivatives, Hctch and Httch. Even although each 
possesses a keto group, it seems that the relative conformational inflexibility prevents 
it from achieving the same disposition relative to the carboxylate group as can be 
achieved by irg. In fact equivalent models with the cyclohexyl carboxylate groups 
attached to surface Fe sites resulted in their keto functions being positioned not 
unlike those in the anti models for irg, described previously. For each of these 
adsorbates the conformational energy required to strain it into a configuration that 
would allow surface hydrogen bonding would not be justified by the strength of that 
contact. This highlights the fact that the ethyl bridge in the irg ligand is fundamental 
to providing it with the conformational characteristics required to enable the keto 
function to address surface hydroxyl groups. 
The final point raised in Fig. 4-2 involves the comparison between Hirg and 
Hbzpr. Their adsorption isotherms indicate similar binding strengths. Yet Ciba 
obtained much better corrosion protection using Hirg than with Hbzpr. In the models 
with Hirg, continuity of the monolayer was diminished on substitution of the —CH3 
group by —H. Although this would not reduce thermodynamic binding strength it 
could well reduce the surface protection by allowing ionic species to diffuse between 
substrate and solution with greater ease. 
We have clearly established that secondary bonding stabilisation between the 
adsorbate hydrogen bond acceptor and surface hydroxyl hydrogen bond donor 
functionalities are integral to monolayer surface complex stability for this system. 
Preliminary work has now shown that the stability of the surface complex can be 
further enhanced by incorporation of functionalities that provide the opportunity for 
inter-ligand stabilisations. These ideas have contributed to the design of a new 
adsorbate for iron and steel which has been found to exhibit significant 
improvements in adsorption characteristics compared with Hirg. A patent 
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The proposition set at the start of this research project and which was stated in 
Chapter 1 was to attempt to develop models for unknown surface complex structures 
by drawing on analogies from polynuclear crystal structures. Furthermore, success 
would be defined by an ability of those structures to account for observed property 
relationships. The ultimate aim of this technique would be the design of new actives 
as adsorbates for specified metal substrates and functions. 
The simulation strategy developed to do this has been based on molecular 
mechanics and force field techniques. This has been found to be a good choice, since 
it offers the necessary speed to be able to re-run calculations with amended 
procedures if necessary. The simulation approach has evolved during the progress of 
the project. The principal features which have emerged from that process include the 
following: 
Retention of two-dimensional periodicity on cleavage of a three-dimensional 
mineral lattice in forming a surface. This offers several significant advantages 
over non-periodic simulation, the most important of which is the dramatic 
reduction of variable parameters. The avoidance of edge-effects such as terminal 
atoms around the sides of the model is also important. 
Based on the universal force field. Parameter derivation, if required, can be 
carried out by obtaining an appropriate set of sample structures from CSD. The 
derivation of seven new FF types for copper has allowed any stereochemistry to 
be treated (UFF as published treats only a single stereochemistry). Distorted 
environments can be treated (3.7.5). 
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Partial atomic charges cannot be calculated using the Charge Equilibration 
method in 2-D periodic systems. PACs may be excluded if the force field is 
reparameterised (recalibrated) to take account of this. 
Appropriate choice of constraints and restraints to improve the feasibility of the 
simulation. Lattice constraints were not appropriate for use with the copper-bta 
system, but were justified for the iron-irg systems. 
Modelling a monolayer of adsorbates on their own within a 2-D periodic array. 
This can identify the intermolecular contacts (attractive and repulsive) which 
might dominate the way in which they prefer to pack. Complex stability is likely 
to be greater if they can pack onto a lattice which maximises their intermolecular 
stabilisation. 
The main criterion for assessing the feasibility of models has been comparison 
of structural attributes and geometrical parameters with crystal structure 
observations, either from locally measured data or from the CSD. For this reason the 
CSD is a primary and vital structural tool for molecular simulation as a means of 
verifying structure. This structure-based assessment rating was chosen over energetic 
values, since it would be much more difficult to assess their credibility and assess the 
significance of differences. This could be feasible for more sophisticated 
computational techniques but would be dubious practise for force field methods. 
The outcome of this research has modified the way in which surface complex 
stability is approached. Complex stability was initially thought to be essentially 
dictated by metal-donor coordinate interactions. Although these are the primary form 
of stabilisation, it has now become clear that surface complex stability is significantly 
enhanced with secondary bonding interactions between ligands and the underlying 
mineral surface. This concept has been extended a stage further and has allowed us 
to develop a strategy for surface ligand design whereby ligand-surface and ligand-
ligand secondary interactions are maximised. 
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